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P.I.:  Waleed  Arafat,  MD 


Award  Number:  DAMD1 7-01 -1-001 2 


Title:  Endothelial  progenitors  as  a  novel  anti-angiogenic  gene  therapy  in  cancer  of 
prostate 

INTRODUCTION 

A  novel  vector  approach  based  on  cellular  vehicles  was  proposed.  The  employment  of  cellular 
vehicles  offered  several  theoretical  advantages  over  available  viral  and  non-viral  vector 
approaches  for  the  implementation  of  cancer  gene  therapy  approaches.  On  this  basis  work 
sought  to  establish  basic  feasibilities  with  this  approach  to  rationalize  full  development  of  cellular 
vehicles  for  application  to  gene  therapy  for  cancer  of  the  prostate. 

BODY 

Task  1:  To  characterize  the  ability  of  the  endotheiiai  progenitors  to  into  areas  of  prostate  tumor 
angiogenesis  after  in  vivo  intravascular  administration  (months  0-10). 

•  To  isoiate  EPs  from  human  and  mouse  origin  and  characterize  their  phenotype  as  reiates 
to  angiogenesis  (months  0-4) 

•  To  characterize  angiogenesis  in  prostate  primary  and  metastatic  xenograft  tumors 
estabiished  in  an  animal  model  (months  5-7). 

•  To  mark  the  EPs,  infuse  them  in  vivo,  and  detect  them  in  areas  of  angiogenesis  with 
different  tracking  methods  (months  8-10). 

Technical  issues  related  to  acquisition  of  adequate  numbers  of  endothelial  progenitors  limited 
direct  application  of  this  approach.  On  this  basis,  we  explored  the  usefulness  of  mesenchymal 
progenitor  cells  (MPC)  as  alternative  cellular  vehicles.  Studies  supportive  of  the  application  are 
as  follows: 

Characterization  of  isolated  human  MPC. 

The  practical  realization  of  cells  as  vehicles  for  gene  therapy  requires  both  a  favorable 
combination  of  native  properties  of  a  chosen  cell  population,  as  well  as  the  ability  to  be 
effectively  loaded  by  genes,  or  other  therapeutics,  and  to  deliver  such  a  payload  to  target 
sites.  The  theoretical  considerations  of  utilizing  MPC  as  such  a  cellular  vector  were  predicated 
primarily  by  their  availability,  propagating  properties,  and  simple  culturing  conditions.  On  this 
basis,  our  intention  was  to  test  several  properties  of  MPC  related  to  their  potential  application 
as  delivery  vehicles  for  gene  therapy.  First,  we  tested  the  ability  of  human  MPC  to  be 
maintained  in  culture  and  their  ability  to  propagate  in  quantities  required  for  in  vivo 
applications.  Human  MPC  were  isolated  according  a  protocol  described  elsewhere  [75,  76] 
and  plated  at  a  density  of  6-7x10^  cell/cm^  in  medium  supplemented  with  10%  FBS.  Human 
MPC  cultures  after  2  passages  in  vitro  contained  a  mainly  homogeneous  population  of  cells 
as  assessed  by  cell  morphology,  with  predominant  fibroblast-shaped  cells.  Different  cultures 
also  included  various  percentages  of  large  flat  cells  and  star-shaped  cells  (FiglA).  Several 
MPC  isolations  were  accomplished  according  to  described  protocol  and  primary  cultures  were 
monitored  for  a  number  of  passages  (FigIC).  The  doubling  time  was  calculated  for  each 
passage  of  individual  cultures  under  described  culture  conditions  and  varied  from  3  to  6  days. 
Some  MPC  cultures  were  monitored  far  as  long  as  1 2  passages  without  significant  changes  in 
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propagating  properties  (Fig1B).  To  confirm  that  the  population  of  isolated  human  bone  marrow 
cells  contained  mesenchymal  progenitor  or  stem  cells,  we  tested  ability  of  primary  cultures  on 
passage  2-3  to  undergo  osteogenic,  adipogenic  and  chondrogenic  differentiation  after 
applying  corresponding  conditioned  media  (Fig  2A-D).  The  differentiation  potential  of  each 
individual  culture  varied,  from  have  either  all  three  tested  lineages  being  represented  or  to 
being  predominantly  skewed  towards  osteogenic  or  adipogenic  differentiation.  Nevertheless, 
most  of  the  tested  cultures  demonstrated  good  propagation  and  differentiation  abilities, 
confirming  the  concept  that  this  adherent  cell  population  in  fact  contains  progenitor  cells  and 
has  sufficient  propagation  properties  that  can  be  exploited  for  their  application  as  cell  vehicles. 


MFC  clone 

#  Passages  cultured 

Mean  doubling  time  (days) 

fMPC 

12 

3.7 

MPCC2 

12 

3.0 

MPC-C18 

3 

6.7 

MPOC19 

5 

5.4 

MPC-U1 

12 

4.6 

MPC-U2 

4 

4.4 

MPC-U4 

5 

6.0 

MPOU5 

6 

3.5 

MPC-U6 

5 

3.8 

Figure  1.  A)  Representative  phase-contrast 
photomicrograph  of  human  MFC  culture. 
Typical  cell  phenotypes  were  observed: 
most  cells  were  spindle-shaped,  whereas 
large  flat  cells,  and  star-shaped  cells  were 
present  at  lower  numbers. 

B)  Expansion  of  MFC  in  culture.  Frimary 
culture  from  a  single  BM  donor  was 
followed  up  to  12  passages,  doubling  times 
for  each  passage  and  mean  doubling  time 
(MDT)  for  all  passages  in  observation  was 
calculated  as  described  in  Materials  and 
Methods. 

C)  Mean  doubling  time  for  different  MFC 
cultures. 


Figure  2.  Assay  for  differentiation  ability  of  MFC, 
Frimary  MFC  cultures  at  passage  2-5  were  subjected 
in  vitro  to  conditions  stimulating  osteogenic, 
adipogenic  and  chondrogenic  differentiation 
followed  by  appropriate  staining. 

A)  MFC  cultured  in  osteogenic  media  for  21  days. 
The  accumulation  of  mineral  deposits  was  detected 
by  staining  with  Alizarin  Red. 

B)  MFC  culture  incubated  in  adipogenic  media  for  7 
days.  Fat  droplets  in  the  cells  were  stained  with  Oil 
Red. 

C)  MFC  culture  incubated  under  chondrogenic 
conditions  for  14  days.  Cells  formed  a  pellet,  which 
stains  blue  with  Alcian  Blue. 

D)  MFC  culture  incubated  in  non-differentiating 
media,  stained  with  Alizarin  Red.  No  mineral 
deposits  were  observed. 


5 


1 


Task  2:  To  determine  the  capacity  of  the  endothelial  progenitors  to  effect  the  expression  of 
transgene-encoded  molecules  into  areasXof  prostate  tumor  angiogenesis  (months  1 1-16). 

•  To  genetically  modify  EPs  with  herpes  virus  and  genetically  adenovirus  (months11-13). 

•  To  detect  the  magnitude,  distribution  and  time  course  of  gene  expression  (months  14- 
16). 

Having  established  the  utility  of  MPC  as  candidate  cellular  vehicles,  we  next  explored  the  abiity 
to  “genetically  load”  the  cells  with  anti-cancer  payloads. 

Infection  efficiency  of  MPC  with  adenoviral  vector  encoding  reporter  genes. 

Our  next  step  was  to  test  the  ability  of  MPC  to  be  efficiency  transduced  and  then  express  the 
genetic  payload.  An  effective  method  of  gene  transfer  is  infection  with  Ad  vectors.  Previous 
studies  have  documented  that  MPC  could  be  transduced  in  vitro  by  Ad  vectors  although 
efficiency  of  transduction  did  not  exceed  20%.  For  our  studies.  Ad  vectors  contained  reporter 
genes  E.  coli  LacZ  or  eGFP  were  used  at  escalating  MOI.  Forty-eight  hours  post  infection,  MPC 
and  HeLa  cells  expressing  LacZ  were  stained  with  X-gal  and  transduction  efficiency  was 
assessed  by  microscopic  scoring.  Cells  expressing  eGFP  were  detected  by  flow  cytometry.  MPC 
cultures  consistently  demonstrated  lower  efficiency  of  transduction  compared  to  HeLa  cells, 
ranging  from  of  10-20%  at  an  MOI  of  100  vp/cell  (Fig3A).  At  the  highest  MOI  tested  (5000 
vp/cell),  when  almost  100  %  of  HeLa  cells  were  transduced;  however,  MPC  transduction  was 
only  40%  as  detected  by  flow  cytometry  (Fig  3B).  These  results  are  consistent  with  previous 
observations  by  others  reporting  that  MPC  are  relatively  refractive  to  Ad  transduction. 

The  observed  relative  resistance  of  MPC  cultures  to  Ad  transduction  could  be  due  to  low 
expression  of  adenoviral  attachment  (CAR)  and/or  internalization  receptors  (av)9  integrins). 
We  tested  the  expression  profile  of  adenoviral  receptors  on  MPC  by  flow  cytometry  compared 
to  HeLa  (high  CAR,  relatively  low  integrins)  and  RD  (low  CAR,  4,  MPC  populations  have  very 
low,  if  any,  expression  of  CAR  but  high  expression  of  both  of  the  integrins  tested.  Thus,  the 
pattern  of  expression  of  adenoviral  receptors  on  MPC  resembles  that  of  RD  cells  and 
corresponds  to  a  low  CAR,  high  integrin  phenotype.  These  data  suggest  that  CAR- 
independent  transfer  is  required  to  improve  the  level  of  Ad-mediated  transgene  expression  by 
MPC  cultures.  These  considerations  prompted  our  evaluation  of  the  genetically  modified 
adenoviruses  for  genetic  transfer  to  MPC. 

Increase  in  gene  expression  by  MPC  transduced  with  modified  adenoviral  vectors. 

It  has  been  shown  that  significant  augmentation  of  transduction  efficiency  can  be  successfully 
achieved  by  exploiting  Ad  vectors  with  genetically  modified  tropism.  We  have  designed  and 
characterized  an  adenoviral  vector  with  the  RGD-4C  peptide  incorporated  in  the  HI  loop  of  the 
fiber  knob  (AdRGD)  as  well  as  a  vector  having  the  Ads  knob  replaced  with  the  knob  of 
adenovirus  of  serotype  3  (Ad5/3).  These  structural  modifications  confer  expanded  tropism  to  the 
adenoviruses,  enabling  CAR-independent  mechanisms  of  infection  via  binding  to  either  cellular 
integrins  of  still  unknown  Ad')  receptor.  In  addition,  these  vectors  have  shown  a  remarkable 
improvement  of  gene  transfer  efficiency  in  cell  lines  normally  refractory  to  CAR-dependent 
infection.  We  used  genetically  modified  Ads  encoding  the  luciferase  gene,  AdRGDIuc  and 
Ad5/3luc,  in  which  the  expression  of  luciferase  is  driven  by  the  CMV  promoter,  to  evaluate  the 
transduction  of  several  primary  MPC  cultures.  Improvement  in  transduction  efficiency  was 
evaluated  by  direct  comparison  with  an  unmodified  control  Ad5  vector,  AdCMVIuc.  The 
application  of  AdRGD  to  MPC  repeatedly  resulted  in  a  10-fold  augmentation  of  gene  transfer 
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compared  with  AdCMVIue  (Fig  5).  Ad5/31uc  also  showed  an  improvement  in  gene  transfer, 
although  with  more  varied  results  on  different  primary  MPC  cultures  (data  not  shown).  Thus, 
these  results  indicate  that  an  adenoviral  vector  retargeted  to  cellular  integrins  provides  a 
means  to  overcome  the  CAR  deficiency  in  MPC  and  allows  the  achievement  of  an  enhanced 
level  of  gene  transfer  in  this  cell  population. 

MPC  expression  of  toxic  gene  HSV-TK  rendering  susceptibiiity  to  the  cytotoxic  effect  of 
GCV. 

With  the  demonstration  that  MPC  could  be  genetically  loaded  in  vitro  we  proceeded  to  confirm 
the  ability  of  MPC  to  express  a  therapeutic  anticancer  genes.  For  this  study  we  utilized  HSV 
Thymidine  Kinase  gene  as  a  payload,  expression  of  which  causes  cell  toxic  effect  after  addition 
of  a  prodrug  ganciclovir  (GCV).  This  therapeutic  payload  was  chosen  with  a  future  intent  to 
employ  MPC  as  vehicles  delivering  cytotoxicity  to  tumor  sites  in  an  animal  model  relevant  to 
ovarian  cancer.  In  this  analysis,  MPC  and  SKOV3.ip1  cells,  a  human  ovarian  cancer  cell  line, 
taken  as  a  parallel  control,  were  transduced  with  AdCMV-TK  and  AdRGD-TK  at  different  MOI  (5, 
50,  100,  500  pfu/cell).  Forty-eight  hours  post-infection  cells  the  prodrug  GCV  was  added  to  the 
media  at  different  concentrations  (0,  10,  100,  1000  /iM),  and  5  days  later  the  number  of 
remaining  viable  cells  was  determined  by  an  NITS  assay.  Data  were  plotted  as  percentage  of 
viable  cells  against  prodrug  concentration  (Fig  6).  A  similar  killing  effect  on  MPC  and  SKOV3.ipl 
cells  was  observed  after  AdCMV-TK  transduction  (Fig  6A,  C).  For  example,  infection  at  MOI  of 
50  pfu/cell  resulted  in  50%  cell  killing  of  both  cell  types  after  applying  10  uM  GCV  to  the  culture 
media.  In  contrast,  a  dramatic  enhancement  of  the  toxic  effect  exerted  by  the  prodrug  was 
observed  when  AdRGD-TK  was  used  for  MPC  transduction  (Fig6B,  D).  AdRGD-TK  initiated  a 
killing  effect  at  a  lower  MOI  and  a  lower  GCV  concentrations  compared  with  AdCMV-TK 
(Fig6.B).  This  finding  validated  the  aforementioned  advantage  of  RGD-containing  tropism 
modified  Ad  vectors  in  introducing  genes  into  MPC.  Results  of  this  experiment  also  suggest  that 
transient  expression  of  the  HSV-TK  delivered  by  adenoviral  vectors  will  allow  achievement  of 
sufficient  level  of  suicide  gene  expression  suitable  for  a  cellular  vehicle  strategy. 

Bystander  effect  of  AdCMV-TK  transduced  MPC  on  SKOVS.ipl  tumor  cells 
A  key  advantage  embodied  in  molecular  chemotherapy  strategy  to  kill  cancer  cells  is  based  on 
the  bystander  effect,  whereby  killing  of  untransduced  neighboring  cells  can  be  induced  by  a  toxic 
drug  metabolite  present  in  the  transduced  cell.  We  therefore  investigated  whether  HSV-TK 
expressing  MPC  could  accomplish  such  a  bystander  effect  on  the  SKOV3.ip1  tumor  cells  in 
vitro.  AdCMV-TK  or  AdRGD-TK  transduced  MPC  were  mixed  in  various  ratios  with 
untransduced  MPC  or  SKOV3.ip1  cells.  An  MOI  of  50  pfu/cell  for  transduction  of  cell  populations 
and  GCV  concentration  of  10  ~IM  were  chosen  as  the  lowest  viral  and  prodrug  dose  showing  a 
killing  effect  in  the  previous  experiment  (Fig  6).  Moreover,  this  MOT/GCV  concentration 
combination  provided  adifferential  killing  effect  between  AdCMV-TK  and  AdRGD-TK 
transduced  MPC,  resulting  in  prominent  killing  in  AdRGD-TK  transduced  cells.  Our  mixing 
experiment  demonstrated  that  Ad  RGD-TK  transduced  MPC  had  an  enhanced  killing  effect  on 
nontransduced  MPC  populations  (Fig7A)  and  on  SKOV3.ip1  cell  populations  as  compared  to 
AdCMV-TK  transduced  MPC  (Fig7B).  Moreover,  an  appreciable  bystander  effect  was 
documented  for  AdRGD-TK  transduced  MPC,  as  addition  of  only  10%  of  TK-  expressed  MPC 
resulted  in  total  cell  viability  of  50%.  AdCMV-TK  transduced  MPC  did  not  show  noticeable 
bystander  effect  in  this  experimental  settings  likely  due  to  inefficient  transduction  of  MPC  by 
unmodified  Ad  vector  resulting  in  insufficient  number  of  TK-producer  cells  in  the  mixture. 
These  mixing  experiments  establish  that  MPC  possess  the  physiological  capacity  to 
accomplish  a  bystander  effect  using  the  HSV-TK/GCV  enzyme/prodrug  approach. 
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MPC  as  cellular  vehicles  delivering  replication  competent  adenovirus. 

The  application  of  conditionally  replicative  adenoviruses  (CRAds)  for  oncolysis  of  tumor  cells  is  a 
promising  approach  for  cancer  gene  therapy.  We  therefore  considered  the  possibility  of  using 
MPC  to  deliver  such  virus  as  a  therapeutic  payload. For  this  approach  to  be  successful,  MPC 
must  be  able  to  support  adenoviral  replication  and  produce  de  novo  viral  particles  after  viral 
infection.  We  first  determined  if  replication-competent  adenovirus  could  cause  cytopathic  effect 
on  MPC  culture,  an  indication  of  ability  of  MPC  to  support  a  productive  adenoviral  infection.  For 
this  study  MPC  and  HeLa  cells,  as  permissive  cell  line,  were  infected  with  replication-competent 
Ad51  uc3  at  escalating  MCI  and  cytopathic  effect  was  evaluated  by  crystal  violet  staining.  Three 
days  post  infection  HeLa  cells  were  completely  killed  at  100  and  10  MCI  and  early  cytopathic 
effects  were  observed  at  1  MOI.  At  this  time  point,  MPC  remained  intact  at  all  viral  doses. 
However,  after  7  days  post  infection  MPC  showed  cytopahic  effect  of  adenovirus  at  the  highest 
MOI  tested  (Fig8),  which  indicates  that  the  cycle  of  adenoviral  replication  in  MPC  is  not  inhibited 
completely,  but  may  have  different  kinetics. 

To  investigate  the  kinetics  of  adenoviral  replication  in  MPC  we  infected  the  celis  with  Ad51uc3 
and  Ads/31  hi c3  at  MOI  of  1  pfu/cell  and  monitored  the  infection  for  11  days.  Real-Time  PCR 
was  used  to  measure  the  amount  of  viral  DMA  in  cells  and  culture  media  over  time  (Fig913,C). 
We  also  used  the  detection  of  the  viral  hexon  protein  in  culture  media  as  an  indication  of  viral 
replication  (Fig9A).  HeLa  celis  were  included  in  the  experiment  as  a  cell  line  supporting  a  high 
level  of  adenoviral  replication.  In  all  MPC  cultures  tested  (two  of  four  shown)  we  observed  an 
increase  of  viral  DNA  copy  number  over  time  in  ceil  lysates  as  well  as  in  media  samples. 
Quantitatively,  copy  numbers  of  viral  DNA  produced  by  MPC  was  10-100  times  lower  compared 
to  HeLa  cells.  Ads/3  did  not  have  an  infectivity  advantage  versus  Ads  in  HeLa  cells  as  judged  by 
quantitation  of  viral  DNA  and  viral  protein  production,  while  two  out  of  the  four  of  MPC  cultures 
showed  increased  amount  of  viral  DNA  and  viral  protein  after  infection  with  Ads/3.  This  effect  of 
replication-competent  Ads/3  on  MPC  cultures  corresponds  with  the  earlier  observation  with 
Ads/3  non-replication  viruses  resulting  in  differential  efficiencies  of  gene  transfer  on  different 
primary  MPC  cultures.  Testing  the  culture  media  of  infected  cultures  for  the  presence  of  viral 
hexon  confirmed  the  observations  obtained  with  viral  DNA.  The  amount  of  viral  protein  increased 
with  progression  of  infection  for  all  cell  cultures.  In  HeLa  cells,  hexon  concentration  in  media 
increased  14-fold  and  peaked  at  5  days  after  infection.  Hexon  measurement  in  infected  MPC 
cultures  resulted  in  an  increase  of  only  2-3  fold  after  7  days  post  infection.  These  investigated 
parameters  of  viral  replication  such  as  viral  cytolytic  effect;  levels  of  viral  DNA  and  viral  protein 
can  represent  an  indirect  indication  of  de  novo  viral  replication. 

To  prove  that  MPC  are  able  to  complete  the  whole  cycle  of  viral  replication  and  produce  the 
next  generation  of  viral  particles,  we  took  cell  lysates  of  MPC  cultures  infected  with  escalated 
doses  of  Ad51uc3  and  applied  10-fold  dilutions  of  those  lysates  to  the  Ad  permissive  cell  line 
HeLa.  As  shown  in  FiglO,  the  positive  control  representing  lysates  of  infected  HeLa  cells 
resulted  in  a  second  round  of  infection  of  HeLa  cells.  Lysates  of  infected  MPC  also  caused  a 
cytopathic  effect  on  HeLa  cells  indicating  the  presence  of  a  second  round  of  viral  infection. 
Thus,  these  data  indicate  that  MPC  are  able  to  maintain  de  novo  viral  replication  and  can 
therefore  potentially  serve  as  a  vehicle  to  deliver  not  only  gene  products  but  also  virus  in  vivo. 
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Figure  3.  Transduction  of  MPC  with  recombinant 
AdS  vectors. 

A)  MPC  and  HeLa  cells  (4x10^)  were  transduced  with  an 
Ad  vector  encoding  the  E.  coli  LacZ  gene  at  MOI  of  500 
vp/cell.  Forty-eight  hours  post  infection  cells  were  fixed 
and  stained  with  X-gal. 

B)  MPC  and  HeLa  cells  were  transduced  with  an  Ad 
vector  encoding  GFP  reporter  at  MOI  of  500  or  5000 
vp/cell.  Forty-eight  hours  post  infection  cells  were  treated 
with  versen  and  the  percentage  of  GFP-positive  cells  was 
determined  by  flow-cytometry.  Data  shown  as  %  of  gated 
(GFP-positive)  cells  at  corresponding  MOL 


Figure  4.  Cell  surface  expression  of 
adenoviral  attachment  (CAR)  and 
internalization  (otypS,  OyPS)  receptors. 
After  treatment  with  the  indicated  primaiy 
antibody  and  FITC-conjugated  secondary 
antibody,  cells  were  analyzed  by  flow 
cytometry.  Histograms  show  fluorescence 
intensity  data  for  HeLa  (A),  RD  (B)  and 
MPC  (C)  cells.  HeLa  and  RD  cultures 
were  taken  as  positive  control  for  CAR  and 
integrins  expression,  respectively. 
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Figure  5.  Enhanced  transduction 
efficiency  of  MPC  with  adenoviral 
vectors  having  genetically  modified 
fiber.  Comparison  of  the  gene 
transfer  efficiencies  was  performed 
employing  non-replicative  Ad5 
vectors:  Ad51uc,  AdSRGDiuc  and 
Ad5/3Lucl  encoding  the  luciferase 
gene  (A)  or  Ad  CMV  GFP  and  Ad 
CMV  GFP  RGD  (B,  C).  Human  MPC 
and  HeLa  cells  were  infected  at 
designated  MOI  (pfu/cell)  and 
analyzed  for  luciferase  expression 
after  48  hr  (A).  Data  shown  as  relative 
light  units  (RLU)/ng  of  total  cellular 
protein.  All  experiments  were  done  in 
triplicate.  Error  bars  show  standard 
deviation.  MPC  transduced  with 
GFP-encoding  vectors  were  analyzed 
for  GFP  expression  by  flowcytometry 
(B)  or  microscopically  (C). 
Microphotographs  represent  MPC 
culture  transduced  with  Ad  CMV 
GFP  RGD  at  MOI  designated  on 
pictures  (10,  100,  1000  pfu/cell). 
Microphotograph  of  bright  field  of 
corresponding  MPC  culture  labeled 
BF. 


Figure  6.  Viability  of  MPC  transduced 
with  AdCMV  TK  or  AdRGDTK  after 
GCV  treatment.  MPC  or  SKOV3.ipl 
cells  were  plated  on  96-well  plates  at  a 
density  of  3000  cell/well  and  transduced 
with  AdCMV  TK  or  AdRGDTK  at  MOI  of 
5,  50,  100,  500  pfu/cell  for  2  hr.  After 
infection  GCV  was  added  at  a  final 
concentration  of  0,  10,  100,  1000  DM. 
Cell  viability  was  determined  after  5  days 
of  incubation  by  MTS  assay.  Data 
expressed  as  %  of  viable  cells  versus 
corresponding  GCV  concentration.  All 
experiments  were  done  in  triplicate.  Error 
bar  is  standard  deviation. 
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Figure  7.  Bystander  effect  exhibited  in 
vitro  by  AdTK  and  AdRGDTK 
transduced  MFC  when  mixed  at 
various  ratios  with  uninfected  MFC  (A) 
and  SKOV3.ipl  (B).  MFC  were  first 
transduced  witih  AdTK  or  AdRGDTK. 
Twenty-four  hours  after  transduction 
MPC-TK  were  mixed  in  different  ratios 
with  untransduced  cells  (MFC  or 
SKOV3ipl)  and  plated  on  96  well  plates. 
Twenty-four  hours  after  plating  cell 
mixture,  half  of  the  cells  were  treated 
with  10  DM  GCV.  Five  days  later  cell 
killing  was  measured  by  MTS  assay.  Data 
are  presented  as  a  percentage  of  viable 
cells  in  GCV-treated  wells.  All 
experiments  were  done  in  triplicate.  Error 
bars  represent  standard  deviation. 
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Figure  8.  Cytopathic  effect  of  replication 
competent  adenovirus  (AdSlucB)  on  MFC  and 
HeLa  cells.  HeLa  cells  and  MFC  were  plated  on 
6-well  plates  with  plating  density  of  5x10^ 
cell/well  and  infected  in  duplicates  with  Ad51uc3 
at  designated  MOL  Viral  cytopathic  effect  has 
been  estimated  by  crystal  violet  staining  on  day  3 
and  day  7  after  infection. 


A  Ad  hexon  g  Ad5  DNA  q  AdS  DNA 

in  culture  media  in  cell  lysates  *  in  culture  media 


Figure  9.  Kinetic  of  Ad  production  by  MFC. 
HeLa  and  two  primary  cultures  of  MFC  (MFC2, 
MFC  19)  were  infected  with  replication-competent 
Ad51uc3  and  Ad5/3Luc3  viruses  at  an  MOI  of  1 
pfu/cell.  Virus-containing  medium  was  collected 
at  1,  3,  5,  7,  9  days  after  infection.  Viral 
production  was  estimated  as 

A)  accumulation  of  viral  protein  in  culture 
medium  by  immunoenzyme  assay  with 
detection  of  Ad  hexon.  Data  presented  as 
OD450  of  100  pi  of  culture  media. 

B)  Accumulation  of  viral  DNA  in  Ad-infected 
cells. 

C)  Accumulation  of  viral  DNA  in  culture 
medium  measured  by  quantitative  FCR.  Data 
are  presented  as  Ad  vDNA  copy  number 
relative  to  actin  DNA  copy  number. 
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Figure  10.  Production  of  Ad 
particles  by  MPC.  HeLa  cells  (A) 
and  MPC  (B)  were  plated  at  6-well 
plates  with  plating  density  of  5x10^ 
cells/well  and  infected  with 
Ad51uc3  at  an  MOI  of  1,  10,  100 
pfu/cell.  After  3  days  cells  in 
individual  wells  were  lysed  and 
serial  dilutions  of  lysates  were 
applied  onto  HeLa  cells. 
Cytopathic  effect  of  produced  virus 
on  HeLa  cells  is  shown  by  crystal 
violet  staining  on  day  3. 


Task  3:  To  evaluate  the  therapeutic  capacity  of  EPs  as  cellular  vehicles  expressing  toxin  genes 
to  mediate  the  abrogation  of  areas  of  prostate  tumor  angiogenesis  (months  17-24). 

•  To  evaluate  the  delivery  of  the  genetically  modified  EPs  containing  a  toxin  gene  into 
areas  of  angiogenesis  and  its  therapeutic  effect  (months  17-20). 

•  To  test  the  value  of  different  administration  schedules  of  cell  therapy  (months  21-24). 

We  next  explored  the  capacity  of  the  genetically  loaded  MPC  to  be  employed  as  cellular  vehicles 
in  the  context  of  a  cancer  gene  therapy  approach.  For  these  studies  MPC  loaded  with  CRAd 
agent  (replicative  Ad)  were  delivered  to  SCID  mice  implanted  with  human  tumor  xenografts.  We 
employed  initially  an  IP  delivery  model  for  locoregional  disease.  We  reasoned  that  success  in 
this  context  would  rationalize  employment  of  MPC  in  a  systemic  delivery  context  in  murine 
models  of  disseminated  prostate  cancer.  The  treatment  regime  is  depicted  (Fig  1 1  A)  as  well  as 
the  outcomes  of  survival  analysis  (Fig  1 1 B).  Of  note,  CRAd  loaded  MPC  yielded  the  greatest 
survival  advantage  in  the  tested  groups.  These  studies  validate  our  overall  concept  that  cellular 
vehicles  can  be  employed  as  a  means  to  accomplish  gene  therapy  for  cancer. 
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KEY  RESEARCH  ACCOMPLISMIENTS: 

•  Demonstration  that  mesenchymal  progenitor  cells  (MFCs)  could  function  as  a  stem  cell 
substitute  for  endothelial  progenitors  (EPs)  in  context  of  the  original  cell  vehicle  concept. 

•  Demonstration  that  MPC  could  be  transduced  with  adenoviral  vectors  to  thereby  contain 
an  anti-cancer  agent. 

•  MPC  can  be  infected  ex  vivo  with  replication  competent  adenoviruses  and  support  viral 
replication. 

•  Level  of  viral  production  by  MPC  is  sufficient  for  killing  tumor  cells  in  mixing  culture  in 
vitro. 

•  MPC  can  function  as  cell  vehicles  chaperoning  delivery  of  oncolytic  adenovirus  to  tumor 
sites. 

•  Virotherapy  using  MPC-based  delivery  of  oncolytic  Ad  in  an  animal  model  of  ovarian 
cancer  provided  an  improvement  in  survival  of  experimental  animals. 

•  MPC  represent  valid  candidates  as  cellular  vehicles  delivering  viruses  and  this  approach 
provides  a  rational  strategy  for  cancer  gene  therapy. 

REPORTABLE  OUTCOMES: 

1 .  Arafat  WO,  Buchsbaum  DJ,  Gomez-Navarro  J,  TawiI  SA,  Olsen  C,  Xiang  J,  El-Akad  H, 
Salama  AM,  Badib  AO,  Stackhouse  MA,  Curiel  DT.An  adenovirus  encoding  proapoptotic 
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CONCLUSION: 

We  have  shown  that  primary  cell  cultures  of  MPC  can  be  efficiently  transduced  ex  vivo  by  using 
adenoviral  vectors.  We  have  demonstrated  that,  low  transduction  efficiency  of  primary  cell 
cultures  with  Ad  vectors  due  to  adenoviral  receptor  deficiency  can  be  successfully  overcomed  by 
exploiting  adenoviral  vectors  with  modified  CAR-independent  entry  mechanism.  Thus,  cells 
intended  to  be  exploited  as  vehicles  can  be  efficiently  loaded  ex  vivo  with  reporter  or  therapeutic 
genes.  Further,  we  have  shown  that  MPC  can  be  loaded  with  replicative  adenoviruses  (CRAd) 
for  virotherapy  and  that  such  CRAd-loaded  MPC  can  “home”  to  tumor  and  accomplish  a 
therapeutic  effect  in  murine  models  of  cancer.  These  utilities  suggest  the  feasibility  of  employing 
MPCs  for  implementation  of  prostate  cancer  gene  therapy/virotherapy. 
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BIOLOGY  CONTRIBUTION _ _ _ 

AN  ADENOVIRUS  ENCODING  PROAPOPTOTIC  BAX  SYNERGISTICALLY 
RADIOSENSITIZES  MALIGNANT  GLIOMA 

Waleed  O.  Arafat,  M.D.,  Ph.D.,*^  Donald  J.  Buchsbaum,  Ph.D.,*  Jesus  Gomez-Navarro,  M.D.,* 
Sarah  A.  Tawil,  B.S.,*  Christine  Olsen,  B.S.,^  Jialing  Xiang,  Ph.D.,*  Hazem  El-Akad,  M.D.,^ 
Anwar  M.  Salama,  Ahmed  O.  Badib,  M.D.,^  Murray  A.  Stackhouse,  Ph.D.,*  and 

David  T.  Curiel,  M.D.* 

♦Human  Gene  Therapy  and  ^Radiation  Oncology,  University  of  Alabama  at  Birmingham,  Birmingham,  AL;  Clinical  Oncology 

Department,  Alexandria  University,  Alexandria,  Egypt 

Purpose:  We  explore  the  utility  of  the  adenovirus-mediated  delivery  of  proapoptotic  Bax  for  enhancing  the 
cytotoxicity  of  radiotherapy  (Rl^  in  RT-refractory  glioma  cells. 

Methods  and  Materials:  Cell  lines  D54  MG  and  U87  MG  (p53  wild-type),  and  U251  MG  and  U373  MG  (p53 
mutant),  and  patient-derived  astrocytes  were  evaluated.  Cells  were  irradiated  and  infected  with  an  inducible 
adenovirus  encoding  Bax.  Cell  proliferation,  colony  formation  assay,  quantification  of  early  apoptotic 
alteration  in  the  plasma  membrane  by  fluorescence-activated  cell  sorter  using  annexin  V,  and  nuclear 
staining  with  H33258  were  used  to  evaluate  apoptosis.  The  capacity  of  the  combined  treatment  to  induce 
regression  of  subcutaneous  D54  MG  tumors  was  tested  in  nude  mice.  A  dose  of  5  Gy  was  administered  every 
other  day,  four  times,  for  a  total  dose  of  20  Gy.  One  day  after  each  irradiation,  tumors  were  injected  with 
1  X  10^  plaque-forming  units  (PFU). 

Results:  Apoptotic  death  was  enhanced  by  the  combination  of  Ad/Bax  and  RT.  In  D54  MG,  levels  of  apoptosis 
after  RT  alone,  Ad/Bax  alone,  or  the  combination  were,  respectively,  12.3Vo,  32.1%,  and  78.5%.  In  contrast, 
treatment  of  astrocytes  did  not  significantly  induce  apoptosis.  A  colony-formation  assay  showed  a  2-log  inhibition 
with  respect  to  controls  after  combined  treatment,  irrespective  of  the  endogenous  levels  of  p53.  The  other 
apoptosis  assays  also  showed  the  defining  characteristics  of  apoptosis  in  the  combination  group.  Remarkably, 
combined  treatment  induced  regression  of  tumors  in  mice. 

Conclusion:  Ad/Bax  synergistically  radiosensitizes  glioma,  with  a  seemingly  favorable  therapeutic  index. 

©  2003  Elsevier  Science  Inc. 

Gene  therapy.  Apoptosis,  Radiosensitization,  Glioma,  Bax. 


INTRODUCTION 

Malignant  glioblastoma,  a  poorly  differentiated  brain  tumor, 
is  typically  refractory  to  conventional  treatment.  Radiother¬ 
apy,  with  or  without  surgery,  is  the  cornerstone  of  the 
treatment  plan  for  this  tumor,  which  mostly  invades  and 
infiltrates  locoregionally  without  disseminating  out  of  the 
brain.  Unfortunately,  the  disease  recurs  after  initial  treat¬ 
ment  in  most  cases,  and  the  survival  rate  is  very  poor.  Thus, 
most  patients  die  within  6  months  of  diagnosis  (1).  Al¬ 
though  different  strategies  have  been  explored  to  sensitize 
glioblastoma  to  radiation,  none  has  achieved  a  significant 
improvement  in  survival  (2-4). 
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With  the  advances  in  the  understanding  of  the  molec¬ 
ular  biology  of  cancer,  and  particularly  of  brain  tumors, 
it  has  become  well  recognized  that  tumorigenesis  and 
development  of  radioresistance  are  both  related  to  change 
in  tumor  environment  by  hypoxia  and  acidosis  and  the 
dysregulation  of  certain  genes,  including  not  only  onco¬ 
genes  and  tumor  suppressor  genes,  but  also  other  genes 
involved  in  a  variety  of  cell  signaling  pathways  (5-7). 

In  this  regard,  most  notable  has  been  the  realization 
that  tumors  result  not  only  from  excessive  proliferation, 
but  also  from  an  excessive  or  inappropriate  cell  surviv¬ 
al —  in  other  words,  from  a  lack  of  programmed  cell 
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Fig.  1 .  (a)  Schematic  of  the  inducible  recombinant  Ad/Bax  construct.  HA-tagged  box  cDNA  was  inserted  in  the  Swal 
site  of  pDEloxP  vector.  In  the  presence  of  Cre  recombinase,  excision  of  the  loxP-neo^’-loxP  cassette  allows  appropriate 
transcription/translation  of  the  box  gene,  (b)  Immunoblot  analysis  of  Bax  expression  in  four  glioma  cell  lines  infected 
with  100  MOI  of  Ad/Bax  +  Ad/Luc,  or  Ad/Bax  +  Ad/Cre,  as  indicated.  The  proteins  (10  fxg  per  lane)  were  separated 
on  a  12%  SDS-PAGE  gel,  followed  by  immunoblot  with  an  anti-HA  antibody. 
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Fig.  2.  (a)  D54  MG  glioma  cells  were  plated  in  a  6-well  plate  with  2  X  10^  cells/well  and  irradiated  with  0  or  8  Gy. 
After  24  h,  cells  were  infected  with  Ad/Bax  and  Ad/Cre  or  irrelevant  virus,  or  left  uninfected.  Five  days  later,  cells  were 
stained  for  viability  using  crystal  violet.  The  experiments  were  repeated  4  times;  a  representative  example  is  shown,  (b) 
Quantitation  of  apoptosis  in  D54  MG  glioma  cells  treated  with  100  MOI  of  Ad/Bax  and  Ad/Cre  and  radiation.  D54  MG 
cells,  2.5  X  10^/well,  were  seeded  into  6-well  plates  and  irradiated  with  8  Gy  of  ^°Co  irradiation,  or  mock  irradiated, 
12  h  after  plating.  Twenty-four  hours  after  irradiation,  cells  were  infected  with  Ad/Bax  and  Ad/Cre  in  a  4:1  ratio  with 
MOI  of  80/20,  for  2.5  h.  Control  adenovirus  encoding  the  cytosine  deaminase  gene  (Ad/CD)  was  mixed  with  Ad/Cre 
in  the  same  MOI  ratios.  Adenovirus  mixtures  were  removed,  the  plates  were  rinsed  once  with  phosphate-buffered  saline 
(PBS),  growth  medium  was  added,  and  the  cells  were  incubated  at  37°C.  Four  days  later,  cells  were  harvested,  stained 
with  annexin  V  and  PI,  and  analyzed  by  flow  cytometry.  The  data  were  collected  into  four  windows  representing 
unstained  cells,  PI  stained  cells,  annexin  V-fluorescein  isothiocyanate  (FITC)  stained  cells,  and  annexin  V-FITC  plus 
PI  stained  cells.  The  plotted  values  come  from  one  representative  experiment  repeated  three  times.  The  data  show  levels 
of  annexin  V-FITC  stained  cells  and  annexin  V-FITC  and  PI  stained  cells.  (C)  Induction  of  apoptosis  in  D54  MG  cells 
treated  with  Ad/Bax  +  Ad/Cre  and  radiation.  Cells  were  trypsinized,  transferred  to  a  microscope  slide  using  a  Cytospin 
centrifiige  at  200  g,  fixed  in  95%  ethanol,  stained  with  Hoechst  33258,  and  viewed  using  UV  microscopy  at  400X 
magnification.  Upper  left  panel:  untreated  D54  MG  cells.  Upper  right  panel:  D54  MG  cells  infected  with  Ad/Bax  and 
Ad/Cre  at  a  ratio  of  80/20,  stained  at  48  h  to  72  h  postradiation.  Note  the  large  number  of  small  apoptotic  bodies.  Bottom 
left  panel:  D54  MG  cells  at  72  h  after  exposure  to  8  Gy  of  ^®Co  irradiation.  Bottom  right  panel:  D54  MG  cells  exposed 
to  8  Gy  of  irradiation,  infected  with  Ad/Bax  and  AdCre  at  a  MOI  ratio  of  80/20  24  h  later,  and  stained  72  h 
postirradiation.  Again,  note  the  large  number  of  small  apoptotic  bodies. 


death  (8).  Apoptosis  is  a  gene-directed  cellular  program 
that,  when  disturbed,  contributes  to  malignancy  and  to 
resistance  to  anticancer  treatments.  Several  genes  that 
control  apoptosis  have  been  discovered,  and  among  these 
p53  has  been  well  studied.  Despite  the  promising  pre- 
clinical  results  obtained  by  administering  exogenous  p53 
in  the  treatment  of  brain  cancer  (9-16),  the  preliminary 
clinical  data  suggest  a  very  limited  effect,  perhaps  due  to 
the  poor  intratumoral  gene  delivery  and  to  variable  func¬ 
tional  status  of  p53  within  the  tumor  (17).  The  recogni¬ 
tion  of  these  limitations  and  the  discovery  of  other  potent 
proapoptotic  genes  have  prompted  the  evaluation  of  al¬ 
ternative  genetic  interventions. 


Bax  was  discovered  through  its  ability  to  bind  to  the 
bcl-2  protein,  and  was  soon  recognized  to  counter  this 
protein’s  death-suppressing  activity  (18,  19).  Interest¬ 
ingly,  Bax  itself  does  not  cause  cell  death;  in  fact,  its 
proapoptotic  effect  is  exerted  only  after  a  concomitant 
death  signal,  such  as  deprivation  of  a  growth  factor,  or 
radiotherapy  (8).  Of  note,  the  induction  of  apoptosis  by 
Bax  is,  in  some  experimental  conditions,  independent  of 
other  important  upstream  and  downstream  components  of 
the  apoptosis  pathway,  such  as  p53  and  the  caspases  (20). 
This  independence  from  other  apoptotic  mediators  may 
be  an  important  advantage  for  the  eventual  therapeutic 
exploitation  of  Bax,  most  notably  in  the  context  of  het- 
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erogeneous  tumors  that  may  or  may  not  express  other 
regulators  of  apoptosis  needed  for  apoptosis  induction 
under  normal  growth  conditions. 

It  is  well  established  that  induction  of  apoptosis  is  an 
important  mechanism  that  contributes  to  the  cytotoxicity 
of  radiotherapy,  and  its  presence  predicts  the  sensitivity 
to  and  outcome  of  radiation.  It  has  been  shown  that 
exogenous  Bax-mediated  induction  of  apoptosis  sensi¬ 
tizes  breast  cancer  cells  to  radiation  (21,  22).  Recently, 
we  have  shown  that  adenovirus-mediated  gene  transfer  of 
Bax  induces  apoptosis  and  sensitizes  ovarian  cancer  cells 
to  the  effect  of  radiation  (23).  More  importantly,  it  has 
been  shown  that  the  inability  of  p53  to  induce  the  activity 
of  Bax  is  associated  with  the  development  of  radioresis¬ 
tance  in  malignant  gliomas  (24).  Based  on  the  aforemen¬ 
tioned  observations,  we  hypothesized  that  Bax  gene  de¬ 
livery  into  malignant  gliomas  would  sensitize  the  tumor 
to  the  cytotoxic  effects  of  radiotherapy. 


To  this  end,  an  efficient  means  to  transfer  the  Bax  gene 
into  the  tumor  is  critical.  Recombinant  adenoviruses  have 
shown  the  required  attributes  of  efficiency  and  stability  in 
vivo,  and  have  been  employed  in  numerous  clinical  trials. 
Thus,  we  further  hypothesized  that  a  recombinant  adenovi¬ 
rus  encoding  proapoptotic  box  could  deliver  the  gene  effec¬ 
tively  to  brain  tumors  and  could  thus  sensitize  them  to  the 
cytotoxic  effects  of  radiotherapy. 

METHODS  AND  MATERIALS 

Cell  culture 

The  human  glioblastoma  cell  lines  D54  MG,  U373 
MG,  U87  MG,  and  U251  MG  and  human  astrocytes  (a 
kind  gift  from  Dr.  Yancey  Gillespie,  University  of  Ala¬ 
bama  at  Birmingham)  were  maintained  in  Dulbecco’s 
modified  Eagle’s  medium/F12,  supplemented  with  10% 
fetal  calf  serum,  L-glutamine  (200  jug/mL),  100  U/mL 
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penicillin,  and  100  /Lig/mL  streptomycin,  at  37°C  in  a  100% 
humidified  5%  CO2  atmosphere.  The  human  embryonic  kid- 
.ney  cell  line  293  was  obtained  from  the  American  Type 
Culture  Collection  (ATCC,  Rockville,  MD)  and  was  grown  in 
the  same  media  used  for  glioma  cell  lines. 

Production  of  recombinant  adenoviruses 

A  recombinant  adenoviral  vector  containing  the  human 
bax  cDNA  (Ad/Bax)  was  generated,  as  previously  de¬ 
scribed  (25,  26).  For  induction  of  Bax  protein,  cells  were 
coinfected  with  Ad/Bax  and  the  inducing  adenovirus 
Ad/Cre  (a  kind  gift  from  I.  Saito,  University  of  Tokyo, 
Japan),  a  recombinant  adenoviral  vector  encoding  Cre 
recombinase.  This  enzyme  cuts  specifically  at  loxP  sites, 
releases  a  stuffing  loxP-delimited  sequence,  and  thus 
reestablishes  the  contact  between  bax  and  its  promoter, 
allowing  active  induction  of  expression  of  Bax.  Equal 
amounts  in  plaque-forming  units  (PFU)  of  the  following 
recombinant  adenoviruses  were  used  as  a  transduction 
control  in  different  experiments:  Ad/Luc,  encoding  the 
luciferase  reporter  gene  (a  kind  gift  of  Robert  D.  Gerard, 
University  of  Leuven,  Leuven,  Belgium);  Ad/GFP,  en¬ 
coding  the  reporter  green  fluorescent  protein;  Ad/lacZ, 
encoding  the  Escherichia  coli  j3-galactosidase  gene  (pro¬ 
vided  by  De-chu  Tang,  University  of  Alabama  at  Bir¬ 
mingham,  Birmingham,  AL);  or  Ad/CD,  encoding  bacte¬ 
rial  cytosine  deaminase.  Viruses  were  propagated  in  293 


cells,  purified  by  centrifugation  in  CsCl  gradients,  and 
plaque-titered  in  293  cells  following  standard  protocols 
(27). 

Cell  proliferation  assay 

To  evaluate  the  cytotoxicity  of  radiation,  Bax  overexpres¬ 
sion,  and  the  combination  thereof,  2  X  10^  D54  MG  cells 
were  plated  per  well  in  6-well  plates  (Falcon,  Franklin 
Lakes,  NJ)  for  crystal  violet  staining  or  1  X  10^  per  well  in 
12-well  plates  for  cell  counting,  respectively.  The  next  day, 
cells  were  irradiated  with  doses  ranging  from  0  to  8  Gy; 
24  h  later  cells  were  infected  with  a  multiplicity  of  infection 
(MOI)  of  100  PFU  per  cell  of  either  Ad/Bax  or  Ad/Bax  and 
Ad/Luc,  or  Ad/Bax  and  Ad/Cre  at  80  PFU/cell  and  20 
PFU/cell  of  each  virus,  respectively.  Control  cells  were  left 
uninfected.  Five  days  later,  cell  viability  was  measured  by 
crystal  violet  staining  or  by  counting  with  trypan  blue 
exclusion  for  quantification.  A  quantitative  measurement  of 
the  crystal  violet  staining  was  obtained  with  an  Epi  Chemi 
II  Darkroom  densitometer  and  LabWorks  software  (UVP, 
Upland,  CA). 

Colony-formation  assay 

To  evaluate  radiosensitization  by  Bax,  2  X  10^  D54 
MG  cells  were  plated  in  6-well  plates.  Eight  hours  later, 
cells  were  irradiated  using  a  ^°Co  therapy  unit  (Picker, 
Cleveland,  OH)  at  a  dose  of  80  cGy/min;  24  h  later  the 
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Fig.  3.  (a)  Quantitation  of  apoptosis  in  D54  MG  glioma  cells  treated  with  various  MOIs  of  Ad/Bax  and  Ad/Cre  plus 
radiation.  D54  MG  cells  (2.5  X  lOVwell)  were  plated  into  6-well  plates  and  irradiated  with  8  Gy  of  Co  irradiation  or 
mock  irradiated  12  h  after  plating.  Twenty-four  hours  after  irradiation,  cells  were  infected  with  Ad/Bax  and  Ad/Cre  in 
a  4:1  ratio  with  MOIs  of  16/4,  40/10,  and  80/20  for  2.5  h.  Control  adenovirus  encoding  the  cytosine  deammase  gene 
(Ad/CD)  was  mixed  with  Ad/Cre  in  the  same  MOI  ratios.  Adenovirus  mixtures  were  removed,  the  plates  were  rinsed 
once  with  PBS,  growth  medium  was  added,  and  the  cells  were  incubated  at  37°C.  Four  days  later,  cells  were  harvested, 
stained  with  annexin  V  and  PI,  and  analyzed  by  flow  cytometry.  The  date  were  collected  into  four  windows  representing 
unstained  cells,  PI  stained  cells,  annexin  V-FITC  stained  cells,  and  annexin  V-FITC  plus  PI  stained  cells.  The  results 
of  a  representative  experiment  are  shown.  All  determinations  were  done  in  triplicate,  (b)  D54  MG  cells  were  plated, 
irradiated  with  0,  2,  4,  or  8  Gy,  and  then  infected  with  Ad/Bax  and  Ad/Cre  or  irrelevant  virus,  or  left  uninfected.  After 
96  h,  flow  cytometry  analysis  was  done  as  described  above. 


cells  were  infected  using  the  same  MOI  as  above  with 
Ad/Bax  and  Ad/Luc,  Ad/Bax  and  Ad/Cre,  or  left  unin¬ 
fected.  Two  hours  after  infection,  200  to  5000  of  the 
treated  cells  were  plated  in  T-25  flasks  (Falcon)  and 
returned  to  the  incubator  for  colony  formation.  Fourteen 
days  later,  the  colonies  were  fixed  in  ethanol  and  stained 
with  1%  crystal  violet.  Colonies  that  contained  more  than 
50  cells  were  counted.  Survival  was  calculated  as  the 
average  number  of  colonies  counted  divided  by  the  num¬ 
ber  of  cells  plated  times  the  plating  efficiency  (PE), 
where  PE  was  the  fraction  of  colonies  counted  divided  by 
cells  plated  without  radiation.  The  clonogenic  survival 
data  were  generated  using  Fit  v2.4  software  (kindly  pro¬ 
vided  by  Dr.  N.  Albright,  University  of  California  at  San 
Francisco,  San  Francisco,  CA). 

Apoptosis  assays 

Apoptosis  was  evaluated  by  determining  cell  viability,  nu¬ 
clear  morphology,  and  by  a  quantitative  test  that  measures  an 
early  apoptotic  plasma  membrane  alteration.  For  visualization 


of  nuclear  morphology,  cells  were  stained  with  the  intercalat¬ 
ing  DNA  dye  H33258  (Sigma,  St.  Louis,  MO),  and  observed 
under  an  ultraviolet  (UV)  light  microscope.  An  early  apoptotic 
alteration  in  the  plasma  membrane,  in  the  form  of  translocation 
of  phosphatidylserine  (PS)  from  the  inside  of  the  plasma  mem¬ 
brane  to  the  outside,  was  also  quantified  by  a  fluorescence- 
activated  cell  sorter  using  the  Annexin-V-FLUOS  Staining  Kit 
(Boehringer  Mannheim,  Indianapolis,  IN),  according  to  the 
manufacturer’s  recommendations.  The  proportion  of  cells 
stained  by  propidium  iodide  (PI),  annexin  V,  or  both,  was 
determined  using  a  Beckman  Coulter  flow  cytometer  (Fuller¬ 
ton,  CA).  Cells  that  were  PI  negative  and  annexin  V  positive 
were  considered  apoptotic;  cells  that  were  PI  positive  and 
annexin  V  negative  were  considered  necrotic, 

Immunoblot  analysis 

Glioma  cells  were  lysed  with  a  Nonidet  P-40  (NP-40)  buffer 
containing  0.3%  NP-40,  142  mM  KCl,  5  mM  MgCl2,  2  mM 
ethylenediaminetetraacetic  acid  (EDTA),  20  mM  HEPES  pH 
7.4,  and  a  cbcktail  of  protease  inhibitors  (aprotinin,  leupeptin, 
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and  phenylmethylsulfonyl  fluoride)  (Sigma,  St.  Lx)uis,  MO). 
Total  protein  (10-50  fig)  was  separated  on  a  12%  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS- 
PAGE)  gel  and  subsequently  transferred  to  a  polyvinylidene 
difluoride  membrane  (Bio-Rad,  Hercules,  CA).  The  mem¬ 
branes  were  blocked  with  2%  nonfat  dry  milk  and  probed  with 
a  hemoagglutinin  (HA)  monoclonal  antibody  at  a  dilution  of 
1:1000  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  After 
washing  with  Tris-buffer  saline  containing  0.05%  Tween-20 
(TBST),  a  secondary  antibody  conjugated  to  horseradish  per¬ 
oxidase  (Jackson  1:3000  diluted  in  TBST)  was  added  for  a  1-h 
incubation.  Finally,  the  blot  was  washed  and  developed  using 
enhanced  chemiluminescence  (Renaissance,  NEN,  Boston, 
MA)  according  to  the  manufacturer’s  protocol  and  exposed  to 
a  radiographic  film  (Eastman  Kodak,  Rochester,  NY). 

In  vivo  therapeutic  experiment 

In  this  experiment,  nude  mice  4  to  6  weeks  old  were  used. 
Mice  had  been  classified  into  five  groups  (n  -  5)  according 


to  treatment  as  follows:  radiation  alone,  irrelevant  virus 
alone  or  with  radiation  (5  Gy  X  4),  and  Ad/Bax  and  Ad/Cre 
with  or  without  radiation  (5  Gy  X  4).  Mice  were  injected 
subcutaneously  into  lower  flanks  with  2  X  10^  D54  MG 
cells,  and  then  followed  for  nodule  formation.  When  nod¬ 
ules  reached  suitable  size  (6X5  mm  in  two  largest  diam¬ 
eters),  mice  were  irradiated  and  vims  was  injected  24  h  later 
intratumorally  at  a  total  MOI  of  1  X  10^  with  the  same 
Ad/Bax  and  Ad/Cre  ratio  as  in  vitro  after  each  dose  of 
radiation  for  4  times.  Nodules  were  monitored  up  to  6 
months  for  tumor  growth.  Animal  experiments  were  per¬ 
formed  following  institutional  guidelines  and  under  the 
supervision  of  the  Animal  Resources  Program  of  the  Uni¬ 
versity  of  Alabama  at  Birmingham. 

Statistics 

To  test  the  interaction  of  viral  treatment  and  radiation, 
two-way  analysis  of  variance  (ANOVA)  was  performed 
using  the  SAS  System  (SAS  Institute,  Inc.,  Cary,  NC). 
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Fig.  4.  Colony-formation  assay.  To  evaluate  radiosensitization  by 
box,  2X10^  D54  MG  cells  were  plated  8  h  before  irradiation  in 
6-well  plates.  The  cells  were  irradiated  using  a  therapy  imit 
at  a  dose  of  80  cGy/min;  24  h  later  the  cells  were  infected  with  80 
PFU/cell  of  Ad/Bax  and  20  PFU  of  Ad/Luc,  with  80  PFU/cell  of 
Ad/Bax  and  20  PFU/cell  of  Ad/Cre,  or  left  xminfected.  Immedi¬ 
ately,  200  to  5000  of  the  treated  cells  were  plated  in  T-25  flasks 
and  returned  to  the  incubator  for  colony  formation.  Fourteen  days 
later,  the  colonies  were  fixed  in  ethanol  and  stained  with  1% 
crystal  violet.  Colonies  that  contained  more  than  50  cells  were 
counted.  Survival  was  calculated  as  the  average  number  of  colo¬ 
nies  counted  divided  by  the  number  of  cells  plated  times  the 
plating  efficiency  (PE),  where  PE  was  the  fraction  of  colonies 
counted  divided  by  cells  plated  without  radiation. 


RESULTS 

Recombinant  adenovirus  encoding  proapoptotic  Bax  is 
highly  inducible  and  tightly  controlled  in  different  glioma 
cell  lines 

Overexpression  of  Bax  is  known  to  be  cytotoxic  in  many 
cell  lines,  which  would  impede  the  propagation  of  a  vector 
encoding  it  in  sensitive  packaging  cells.  To  overcome  this 
problem,  we  have  employed  the  Cre-LoxP  system  (Fig.  1  A) 
to  generate  an  inducible  recombinant  box  adenoviral  vector 
(Ad/Bax).  The  HA-tagged  box  coding  sequence  was  placed 
under  the  control  of  the  jS-actin  promoter  and  a  downstream 
loxP-neo^-loxP  sequence  in  the  Swal  site  of  the  pDEloxP 
vector.  The  loxP-neo^'-loxP  cassette  is  composed  of  a  neo*' 
gene  flanked  by  two  head-to-tail  loxP  sites,  which  disrupt 
the  promoter/coding-region  structure,  required  for  box  ex¬ 
pression.  In  this  system,  the  box  gene  cannot  be  expressed 
until  the  loxP-neo^'-loxP  cassette  is  excised  by  Cre  recom- 
binase.  Expression  of  Bax  protein  in  infected  cells  was 
confirmed  by  co-delivery  of  Ad/Bax  and  Ad/Cre,  followed 
by  immunoblotting  analysis  with  an  anti-HA  monoclonal 
antibody  (Fig.  IB). 
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Recombinant  adenovirus  encoding  Bax  induces  apoptosis 
in  the  presence  of  radiotherapy 

To  determine  the  effect  of  Bax  on  irradiated  cells,  D54 
MG  cells  were  irradiated  with  0  or  8  Gy.  After  24  h,  cells 
were  infected  with  Ad/Bax  and  Ad/Cre,  Ad/Bax  and  irrel¬ 
evant  virus,  or  left  uninfected.  After  5  days,  the  cells  were 
stained  for  viability  using  crystal  violet.  Cells  treated  with 
bax  alone  or  with  radiation  alone  showed  little  inhibition  of 
cell  growth  (Fig.  2A).  In  contrast,  cells  treated  with  Ad/Bax 
plus  Ad/Cre  and  radiation  showed  near-complete  cell  kill¬ 
ing.  Quantitated  analyses  of  density  values  showed  a  sig¬ 
nificant  interaction  between  these  viruses  and  radiation 
(63,028  vs.  0)  (p  =  0.0001,  two-way  ANOVA),  indicating 
a  synergistic  effect. 

To  further  quantify  cell  killing,  we  assayed  by  flow 
cytometry  for  induction  of  apoptosis.  D54  MG  cells  were 
treated  as  in  Fig,  2A,  and  4  days  later  the  cells  were  stained 
with  annexin  V,  which  reveals  phosphatidylserine,  a  protein 
transferred  from  the  inside  of  the  cell  membrane  to  the 
outside  surface  in  apoptotic  cells.  As  shown  in  Fig.  2B, 
78.5%  of  cells  treated  with  Ad/Bax  plus  Ad/Cre  and  radi¬ 
ation  showed  induction  of  apoptosis  {p  =  0.003).  The 
percentage  of  apoptotic  cells  after  radiation  alone,  radiation 
with  Ad/Bax  +  Ad/CD  viruses,  or  infection  with  AdBax 
and  AdCre  without  radiation  was  23%,  25%,  and  27%, 
respectively.  Thus,  treatment  of  glioma  cells  with  induced 
Ad/Bax  significantly  enhanced  the  effect  of  radiation  via 
augmentation  of  apoptosis. 

To  confirm  the  nature  of  the  death  mechanism,  we  eval¬ 
uated  morphologically  the  cell  and  nuclei  phenotypes.  After 
staining  treated  cells  with  Hoechst  33258,  a  large  number  of 
small  apoptotic  bodies  were  observed  in  the  D54  MG  cells 
infected  with  Ad/Bax  +  Ad/Cre  with  radiation,  demonstrat¬ 
ing  that  bax  gene  expression  combined  with  ionizing  radi¬ 
ation  induced  apoptosis  in  D54  MG  cells  (Fig.  2C,  bottom 
right  panel).  In  contrast,  untreated  D54  MG  cells  and  those 
exposed  to  8  Gy  alone  exhibited  almost  none  (Fig.  2C, 
upper  and  bottom  left  panels).  As  expected,  treatment  with 
Ad/Bax  and  Ad/Cre  induced  apoptotic  changes  but  in  a 
lower  level  than  when  combined  with  radiation  (Fig.  2C, 
upper  right  panel).  Thus,  cell  death  induced  by  Bax  and 
radiation  had,  in  these  conditions,  the  typical  morphologic 
features  of  apoptosis. 

Radiosensitization  of  glioma  cells  by  an  adenovirus 
encoding  Bax  is  radiation-  and  viral  dose-dependent 

To  further  characterize  the  interaction  between  Bax  and 
radiation,  dose-dependency  studies  were  performed.  First, 
the  effect  of  increasing  doses  of  viral  vector  was  deter¬ 
mined.  D54  MG  glioma  cells  were  treated  with  either  0  or 
8  Gy  of  radiation  and  then  were  infected  with  MOI  of  16/4, 
40/10,  and  80/20  ratios  of  Ad/Bax  to  Ad/Cre,  or  of  irrele¬ 
vant  viruses.  The  development  of  apoptosis  was  confirmed 
by  flow  cytometry  as  before.  The  magnitude  of  appearance 
of  apoptosis  compared  with  untreated  cells  increased  at 
higher  MOI  in  both  unirradiated  (4.2%,  10.6%,  and  32.1%, 
for  Ad/Bax/Ad/Cre  MOI  doses  of  16/4,  40/10,  and  80/20, 
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tzzi  No  Adenovirus  ■■  AdBax/AdCre  40/10  Ad  CD/Ad/Cre  40/10 

(a) 

Fig.  5.  The  induction  of  apoptosis  is  independent  from  the  status  of  p53.  (a)  Four  different  glioblastoma  cell  lines  with 
different  functional  status  of  p53  were  treated  with  Ad/Bax  +  Ad/Cre,  and  radiation.  2X10  cells  per  well  of  the  four 
glioblastoma  cell  lines  were  plated  into  6-well  plates.  Apoptosis  was  detected  using  annexin  V  as  mentioned  previously, 
(b)  Cell  proliferation  assay  in  the  same  four  cell  lines.  Cells  were  treated  as  above,  and  96  h  later,  cell  proliferation  was 
determined  by  counting  cells  using  trypan  blue  dye  exclusion  test. 


respectively)  and  irradiated  cells  (37.1%,  60.5%  and  78.5%, 
respectively)  (Fig.  3A).  D54  MG  cells  infected  with  Ad/Bax 
and  Ad/Cre  were  compared  with  uninfected  controls.  No 
increase  in  apoptosis  was  observed  in  D54  MG  cells  in¬ 
fected  with  control  adenovirus  (Ad/CD  +  Ad/Cre)  or  (Ad/ 
Bax  +  Ad/CD)  compared  with  the  uninfected  controls  with 
or  without  radiation.  Remarkably,  the  large  increase  in  the 
levels  of  apoptosis  observed  at  all  MOIs  tested  in  irradiated 
D54  MG  cells  suggested  a  synergistic  effect  of  the  combi¬ 
nation,  which  was  confirmed  statistically  (p  =  0.0001  in 
two-way  ANOVA).  Interestingly,  while  the  combination  of 
Ad/Bax  plus  Ad/Cre  at  as  low  an  MOI  as  16/4  led  to  a 
background  level  of  apoptosis  in  unirradiated  D54  MG 
cells,  its  association  with  radiation  led  to  a  3.2-fold  increase 
in  apoptosis. 

To  determine  the  effect  of  the  dose  of  radiation  on  the 
induction  of  apoptosis,  cells  were  irradiated  with  0,  2,  4,  or 
8  Gy,  and  then  infected  with  a  constant  dose  of  Ad/Bax  + 
Ad/Cre  or  Ad/Bax  +  Ad/CD  viruses,  or  left  uninfected. 
Flow  cytometry  analysis  of  annexin  V  was  done  96  h  later 
(Fig.  3B).  After  infection  with  Ad/Bax  +  Ad/Cre  at  an  MOI 


of  40/10,  the  level  of  apoptosis  was  13.3%,  26.2%,  39.6%, 
and  57.4%  (p  =  0.010,/?  <  0.001,/?  =  0.006  for  compar¬ 
isons  with  the  nonirradiated  cells)  in  cells  exposed  to  0,  2, 
4,  and  8  Gy,  respectively.  Thus,  apoptosis  increased  signif¬ 
icantly  as  the  dose  of  radiation  increased. 

Radiosensitization  of  a  glioma  cell  line  is  confirmed  by  a 
colony-formation  assay 

To  confirm  the  radiosensitization  effect  of  Bax  on  glioma 
cells,  the  gold  standard  test,  i.e.,  a  colony-formation  assay, 
was  used.  To  this  end,  D54  MG  cells  were  irradiated  at  0,  2, 
and  4  Gy  and  infected  with  Ad/Bax  +  Ad/Cre  or  irrelevant 
viruses  (Ad/Bax  +  Ad/CD),  or  left  uninfected.  Then,  cells 
were  plated  for  colony  formation,  which  was  assayed  14 
days  later.  The  survival  fraction  of  cells  treated  with  Ad/Bax 
+  Ad/Cre  and  2,  3,  or  4  Gy  radiation  was  significantly 
lower  than  that  observed  in  cells  treated  with  radiation  alone 
or  with  radiation  and  irrelevant  viruses.  Of  note,  the  plating 
efficiency  of  D54  MG  was  39%.  (Fig.  4).  Thus,  Bax  indeed 
significantly  sensitized  glioma  cells  to  radiation. 
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Fig.  5.  (Cont'd) 


The  functional  status  of  p53  does  not  preclude  the 
radiosensitization  effect  by  a  recombinant  adenovirus 
encoding  Bax 

To  determine  the  effect  that  the  functional  status  of  p53 
might  have  on  the  radiosensitizing  effect  of  Bax,  we  com¬ 
pared  the  induction  of  apoptosis  in  glioblastoma  cell  lines 
characterized  by  possessing  wild-type  or  mutant  p53  genes. 
Four  glioblastoma  cell  lines,  D54  MG,  U87  MG,  U251  MG, 
and  U373  MG,  were  treated  with  radiation  and  viruses  as 
described  above,  then  apoptosis  was  assessed  by  annexin  as 
described  above.  The  p53  wild-type  glioblastoma  cell  lines 
(D54  MG  and  U87  MG)  were  more  resistant  to  fcox-medi- 
ated  apoptosis  induction  when  no  radiation  was  admin¬ 
istered,  compared  with  the  p53  mutant  cell  lines  (U251 
MG  and  U373  MG)  (Fig.  5A).  However,  the  combination 
of  Bax  treatment  with  8  Gy  of  radiation  showed  a  p53- 
independent  response  to  apoptosis  induction.  In,  fact  the 
U373  MG  p53  mutant  cell  line  showed  a  higher  level  of 
apoptosis  after  infection  alone,  or  after  combined  treat¬ 
ment.  Additionally,  U251,  which  is  also  p  53  mutant, 
showed  a  relatively  high  level  of  apoptosis  with  virus 
alone  or  radiation  alone,  and  this  effect  was  augmented 
when  both  treatments  were  used. 


To  confirm  these  results,  a  cell  proliferation  assay  was 
performed  with  the  four  tumor  cell  lines.  After  irradiation 
and  cell  infection,  the  four  glioblastoma  cell  lines  were 
assayed  for  proliferation  by  counting  of  viable  cells.  All 
showed  a  variable  degree  of  inhibition  of  growth  with 
Ad/Bax  infection.  However,  this  inhibition  of  growth  was 
dramatically  increased  with  the  addition  of  8  Gy  of  radiation 
(Fig.  5B).  Thus,  a  significant  induction  of  apoptosis  and 
growth  inhibition  was  achieved  using  the  combined  box 
gene  delivery  and  radiation  treatment,  and  this  effect  was 
independent  of  the  p53  functional  status  of  the  cells. 

Combined  treatment  with  radiation  and  an  adenovirus 
encoding  Bax  induces  complete  regression  of 
glioblastoma  tumor  nodules 

To  evaluate  the  capacity  of  adenovirus  to  deliver  bax 
in  situ  and  to  sensitize  previously  irradiated  tumor,  we 
performed  an  in  vivo  therapeutic  experiment.  Nude  mice 
(n  =  5/group)  bearing  established  D54  MG  subcutane¬ 
ously  received  either  radiation  alone,  irrelevant  virus 
with  radiation,  or  Ad/Bax  +  Ad/Cre  with  or  without 
radiation.  Radiation  (5  Gy)  and  viruses  were  adminis¬ 
tered  every  other  day,  four  times.  Mice  treated  with 
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■  AdBax/AdCre 


Fig.  6.  Subcutaneous  nodules  of  glioma  are  radiosensitized  by  intratumoral  delivery  of  Bax.  In  this  experiment,  nude 
mice  4  to  6  weeks  old  were  used.  Mice  were  classified  in  six  groups  (n  =  5),  according  to  treatment  as  follows,  radiation 
alone,  irrelevant  virus  with  or  without  radiation  (5  Gy  X  4),  and  Ad/Bax  +  Ad/Cre  with  or  without  radiation  (5  Gy  X 
4).  Mice  were  injected  subcutaneously  into  lower  flanks  with  2  X  107  D54  MG  cells,  and  then  followed  for  nodule 
formation  for  3  weeks.  When  nodules  reached  suitable  size  (5  X  6),  tumors  were  irradiated  and  viruses  were  injected 
intratumorally  at  an  MOI  of  1  X  10^  after  each  administration  of  radiation,  4  times.  Nodules  were  monitored  up  to  6 
months  for  tumor  size.  Representative  data  from  one  of  two  similar  experiments  are  shown. 


Ad/Bax  4-  Ad/Cre  without  radiation,  as  well  as  those 
nontreated,  showed  rapid  tumor  growth,  and  had  to  be 
killed  after  5  weeks  (Fig.  6),  On  the  other  hand,  mice 
treated  with  radiation  alone  or  radiation  with  irrelevant 
viruses  showed  a  transient  inhibition  of  their  growth 
although  the  tumor  grew  back  aggressively,  and  the  mice 
had  to  be  killed  after  8-10  weeks.  In  contrast,  mice 
treated  with  Ad/Bax  +  Ad/Cre  and  radiation  showed 
significant  regression  and  inhibition  of  tumor  growth 
over  a  6-month  time  period.  Of  these  mice,  60%  had  no 
evidence  whatsoever  of  tumor.  Thus,  combined  treatment 
with  bax  and  radiation  is  uniquely  able  to  completely  eradicate 
malignant  glioma  tumor  nodules  in  this  mouse  model. 

Normal  human  astrocytes  are  not  radiosensitized  by 
recombinant  adenovirus  encoding  Bax 

To  test  whether  Bax  induces  apoptosis  in  normal  l^uman 
astrocytes,  and  to  determine  if  it  has  sensitizing  effects  to 
radiation,  astrocytes  were  exposed  to  0  or  8  Gy  radiation 
and  infected  with  100  PFU  of  Ad/Bax  +  Ad/Cre  or  irrele¬ 
vant  viruses  (Ad/CD  +  Ad/Cre).  Four  days  later,  apoptosis 
was  determined.  Radiation  alone  induced  apoptosis  over 
that  observed  in  unirradiated  controls  (18%  vs,  10%  respec¬ 


tively),  Bax  also  induced  some  apoptosis  over  that  observed 
in  uninfected  controls  (24%  vs,  10%,  respectively);  the 
levels  were  only  slightly  higher  than  those  induced  by 
irrelevant  control  viruses  (.18%)  (Fig.  7 A).  Most  impor¬ 
tantly,  the  addition  of  radiation  provoked  a  minor  and  in¬ 
significant  (p  =  0.267)  increase  in  apoptosis.  This  effect 
was  indeed  small  compared  with  the  much  greater  increase 
of  apoptosis  observed  with  radiation  in  all  the  glioblastoma 
cell  lines  tested.  To  confirm  this  result,  a  cell  proliferation 
assay  was  performed.  Astrocytes  treated  with  Ad/Bax  and 
Ad/Cre  or  irrelevant  virus  showed  no  significant  inhibition 
of  cell  proliferation  (Fig.  7B).  In  addition,  cell  proliferation 
of  irradiated  cells  did  not  differ  significantly  with  or  without 
viral  treatment.  Thus,  Bax  does  not  appear  to  sensitize 
normal  astrocytes  to  the  effect  of  radiation. 

DISCUSSION 

Radiotherapy,  alone  or  combined  with  surgery,  is  unable 
to  achieve  cures  or  even  a  reasonable  rate  of  response  in  the 
treatment  of  glioblastoma  (1).  Our  growing  understanding 
of  the  mechanisms  behind  radioresistance  in  malignant  gli¬ 
oma  offers  the  intriguing  possibility  of  modulating  radio- 
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Fig.  7.  Bax  does  not  sensitize  normal  human  astrocytes  to  radia¬ 
tion.  (a)  Human  astrocytes  (2  X  lOVwell)  were  plated  into  6-well 
plates  and  irradiated  with  8  Gy  of  ®°Co  irradiation  or  mock 
irradiated  5  days  later.  To  determine  apoptosis,  the  same  experi¬ 
mental  design  described  in  Fig.  5A  was  followed,  with  harvest  of 
the  cells  at  6  days  after  irradiation.  As  a  control,  cells  were  infected 
with  Ad/Bax  and  Ad/CD.  All  determinations  were  done  in  dupli¬ 
cate.  (b)  A  cell  proliferation  assay  was  performed  with  human 
astrocytes  as  described  in  Fig.  5B. 


therapy  response  using  genetically  based  treatments.  In  this 
report,  we  have  described  our  evaluation  of  the  hypothesis 
that  transient  induction  of  the  proapoptotic  gene  box,  via 
recombinant  adenovirus-mediated  gene  delivery,  will  sen¬ 
sitize  glioma  cells  and  tumors  to  the  cytotoxic  effects  of 
radiation. 

To  this  end,  an  adenovirus  encoding  the  box  gene  was 
constructed  (25).  This  vector,  based  on  the  cre/Loxp  system 


(26),  induces  cellular  expression  of  Bax  only  upon  coinfec¬ 
tion  with  a  second  inducing  adenoviral  vector,  thus  allowing 
the  propagation  of  the  proapoptotic  feax-encoding  virus 
without  inducing  undue  toxicity  in  the  packaging  cells.  The 
results  demonstrate  that  this  vector  system  robustly  induced 
expression  of  Bax  in  glioma  cell  lines.  Induction  of  Bax 
enhanced  synergistically  the  cytotoxic  effect  of  radiation  in 
several  malignant  glioma  cell  lines.  In  addition,  the  radio- 
sensitizing  effect  was  confirmed  in  a  murine  model  of 
glioblastoma.  It  is  interesting  that  Bax-induced  radiosensi¬ 
tization  did  not  depend  on  the  functional  status  of  p53.  Most 
importantly,  it  was  observed  that  6ax-encoding  adenovirus 
does  not  sensitize  normal  astrocytes  to  radiation. 

Several  attributes  of  glioblastoma  render  this  tumor  an 
ideal  target  for  the  development  of  gene  therapy  approaches 
aimed  to  revert  the  resistance  to  conventional  therapies. 
Specifically,  glioblastoma  is  most  often  confined  to  the 
brain,  where  it  has  become  readily  accessible  to  stereotactic 
gene  delivery  via  magnetic  resonance  imaging  and  com¬ 
puted  tomographic  imaging.  Additionally,  ample  experience 
exists  for  the  treatment  of  malignant  brain  tumors  with 
radiotherapy,  although  durable  cures  are  admittedly  rare. 
Gene  transfer  into  brain  tumor  cell  lines  using  adenoviral 
vectors  is  quite  efficient.  Lastly,  genetic  lesions  have  been 
identified  that  are  associated  with  resistance  of  glioblas¬ 
tomas  to  radiation,  offering  targets  for  gene  therapy  ap¬ 
proaches  (13-16,  28,  29). 

Abundant  evidence  exists  indicating  that  radiation  in¬ 
duces  in  vivo  upregulation  of  Bax  and  subsequent  apoptosis 
in  radiosensitive  tissues  (30).  Based  on  this,  we  explored  the 
ability  of  Bax  to  modify  the  response  to  chemotherapeutic 
and  radiotherapeutic  agents  in  cancer  cells,  and  found  evi¬ 
dence  of  its  sensitizing  capacity  in  both  contexts  (23,  31). 
These  results  are  in  accord  with  observations  by  other 
authors  that,  in  glioblastomas,  radioresistance  is  associated 
with  the  inability  of  tumor  cells  to  upregulate  bax  (24). 
Thus,  these  facts  established  a  compelling  rationale  for  us  to 
explore  radiosensitization  mediated  by  bax  in  the  context  of 
glioblastoma.  Numerous  attempts  have  been  made  previ¬ 
ously  to  genetically  sensitize  glioblastomas  in  the  context  of 
radiotherapy.  p53  has  been  extensively  evaluated  as  a  mod¬ 
ifier  of  the  radiosensitivity  of  glioblastoma  (9-16, 28).  Even 
though  there  is  evidence  of  the  ability  of  p53  to  radiosen- 
sitize  tumor  cells,  two  facts  probably  will  mitigate  its  use. 
First,  not  all  brain  tumors  are  mutant  in  p53,  which  is  an 
important  factor  in  determining  the  sensitizing  potential  of 
exogenous  p53.  Second,  it  is  well  established  that  the  in¬ 
ability  of  p53  to  upregulate  bax  contributes  to  the  radiore¬ 
sistance  of  glioblastoma,  as  mentioned  in  this  report.  In 
contrast,  when  four  different  cell  lines  characterized  by  a 
different  functional  status  of  p53  were  tested,  it  was  found, 
as  hypothesized,  that  all  became  radiosensitive  after  Bax 
induction,  regardless  of  p53.  More  importantly,  the  radio- 
sensitizing  effect  of  Bax  is  mediated  through  the  direct 
induction  of  apoptosis,  which  suggests  its  potential  wide¬ 
spread  effect  in  tumors  otherwise  heterogeneous  for  up¬ 
stream  or  downstream  components  of  the  cell  death  regu- 
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latory  pathways.  In  this  regard,  no  association  between  the 
level  of  Bax-induced  radiosensitization  and  the  status  of 
anti-apoptotic  Bcl-2  or  the  endogenous  level  of  bax  was 
found  (data  not  shown). 

Although  it  has  been  shown  that  Bax  does  induce  apo¬ 
ptosis  in  some  glioma  cell  lines,  other  genes  (for  instance, 
caspase  8)  have  enhanced  this  effect  (32).  This  fact  suggests 
that,  similar  to  radiation  alone,  bax  itself  is  not  powerful 
enough  to  achieve  a  full  apoptotic  response  and  cytotoxic 
effect.  In  accord  with  our  goals  for  clinical  translation,  we 
have  sought  to  explore  the  synergistic  capacity  of  combined 
bax  and  radiation  to  treat  glioblastoma  more  robustly.  To 
this  end,  we  were  able  to  demonstrate  adenoviral  vector- 
mediated  transfer  and  expression  of  Bax  within  cell  lines 
and  in  an  in  vivo  model  of  glioblastoma.  On  the  other  hand, 
the  current  configuration  of  our  vector  system  in  two  viruses 
and  the  suboptimal  efficiency  of  adenoviral  vectors  found  in 
human  patients  can  be  a  fundamental  limitation  toward  the 
clinical  application  of  this  gene  therapy  approach.  In  this 
regard,  the  need  for  an  inducible  system  is  determined  by 
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Apoptosis  induction  is  a  promising  approach  for  cancer  gene  therapy.  Bax  is  a  death-promoting 
member  of  the  Bcl2  family  of  genes  that  are  intimately  involved  in  apoptosis.  Overexpression  of 
BAX  protein  can  accelerate  cell  death  by  homodimers  that  promote  apoptosis  in  a  variety  of  can¬ 
cer  cell  lines.  The  cytotoxic  effect  of  BAX  was  evaluated  in  vitro  by  a  recombinant  adenovirus  sys¬ 
tem  expressing  the  human  BAX  gene  under  control  of  human  vascular  endothelial  growth  factor 
(VEGF)  promoter  element  (AdVEGFBAX).  Overexpression  of  BAX  in  human  lung  carcinoma  cells 
resulted  in  apoptosis  induction,  caspase  activation,  and  cell  growth  suppression,  none  of  which  were 
observed  in  BEAS-2B  normal  human  bronchial  epithelial  cells  that  do  not  overexpress  VEGF  under 
normoxic  conditions.  To  examine  the  hypoxia  responsiveness  of  the  VEGF  promoter,  lung  cancer 
cells  were  transiently  exposed  to  hypoxia;  this  treatment  increased  enhanced  green  fluorescent  pro¬ 
tein  (EGFP)  expression  after  AdVEGFEGFP  infection  In  both  normal  and  cancer  cell  lines,  and 
enhanced  apoptosis  and  decreased  the  number  of  surviving  cancer  cells  compared  with  the  Ad/BAX 
plus  Ad/Cre  binary  adenoviral  system.  These  results  suggest  a  possible  therapeutic  application  of 
cancer-specific  expression  of  the  pro-apoptotic  Bax  gene  driven  by  the  VEGF  promoter. 

Key  Words:  apoptosis,  BAX,  lung  cancer  cells,  vascular  endothelial  growth  factor 


Introduction 

Tumor  growth  is  the  result  of  the  deregulation  of  the  bal¬ 
ance  between  cell  proliferation  and  death.  This  imbalance 
may  play  a  critical  role  in  the  process  of  tumorigenesis,  and 
inhibition  of  apoptosis  is  the  main  cause  of  this  phenom¬ 
enon.  Apoptosis,  or  programmed  cell  death,  is  a  physio¬ 
logical  form  of  cell  death  that  plays  a  central  role  in  tissue 
homeostasis  and  in  the  regulation  of  the  cell  suicide  pro¬ 
gram.  Apoptosis  is  necessary  to  prevent  several  diseases, 
including  cancer  [1].  Apoptosis  induction  is  a  promising 
approach  for  cancer  gene  therapy.  Several  proteins  that 
control  programmed  cell  death  in  cancer  cells  have  been 
identified  [1].  The  Bcl2  family  of  genes  is  intimately 
involved  in  the  mitochondria-dependent  pathway  of 
apoptosis  [2].  The  process  of  homodimerization  or  het¬ 
erodimerization  of  different  gene  products  of  the  Bcl2  fam¬ 
ily  forms  a  complex  network  that  regulates  the  choice 
between  life  and  death  of  a  cell  [3,4].  Bax  is  a  death-pro¬ 
moting  member  of  the  Bcl2  family  of  genes.  Translocation 
of  BAX  homodimer  to  the  mitochondria  can  trigger  its 
dysfunction  and  activate  the  caspase  pathway,  causing 


apoptotic  death  of  mammalian  cells  [4].  Recent  studies 
have  shown  that  alterations  of  relative  ratios  of  anti-  and 
pro-apoptotic  BCL2-family  proteins  through  BCL2  over¬ 
expression  and/or  BAX  downregulation  have  been  corre¬ 
lated  with  poor  prognosis  of  lung  cancer  patients  [5-7]. 

The  antitumor  effects  of  the  Bax  gene  have  been  inves¬ 
tigated.  Transfection  of  naked  DNA  encoding  Bax  to  bron¬ 
chioloalveolar  carcinoma  cells  leads  to  death  of  transfected 
cells.  However,  this  method  of  gene  delivery  demonstrated 
low-level  transfection  efficiency  in  lung  cancer  cell  lines  [8]. 
Another  strategy  employs  adenoviral  vectors  for  high-effi¬ 
ciency  gene  transfer  into  mammalian  cells  in  vitro  and  in  vivo 
[9,10].  Several  binary  adenoviral  recombinant  systems  for 
Bax  gene  expression  have  been  generated  [11,12].  Potential 
limitations  of  this  strategy  are  the  requirement  for  cells  to 
be  infected  with  both  adenoviruses  and  nonspecific  expres¬ 
sion  of  the  proapoptotic  Bax  gene,  which  may  restrict  the 
clinical  potential  for  this  approach.  One  means  by  which 
this  limitation  can  be  overcome  is  to  use  a  single  adenovi¬ 
ral  vector  using  Bax  under  control  of  a  tumor-specific  and/or 
metabolically  controlled  promoter  element  [13-15]. 
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FIG.  1.  EGFP  expression  in  lung  cell  lines 
analyzed  using  FACS.  Cells  were  har¬ 
vested  48  hours  after  AdVEGFEGFP  or 
AdCMVEGFP  (5000  v.p./cell)  infection. 
Samples  (10,000  cells)  were  analyzed  by 
FACScan.  EGFP  fluorescence  was  the 
mean  fluorescence  signal  in  EGFP*  cells  in 
ru  after  subtraction  of  background  fluo¬ 
rescence.  Data  expressed  as  percentage 
of  EGFP*  cells  are  the  means  after  sub¬ 
traction  of  uninfected  control  cells. 
Presented  are  mean  values  ±  SD  of  two 
to  five  independent  experiments,  each 
carried  out  In  triplicate. 


EGFP  fluorescence  (ru) 


It  is  now  well  known  that  neovascularization,  the 
process  leading  to  the  formation  of  new  blood  vessels, 
plays  a  critical  role  in  the  growth  of  both  primary  and 
metastatic  tumors  [16].  Tumor  angiogenesis  is  induced  by 
the  expression  of  angiogenic  factors  in  tumors  that  stim¬ 
ulate  host  vascular  endothelial  cell  mitogenesis  and  pos¬ 
sibly  chemotaxis.  One  such  factor,  the  protein  VEGF,  is 
a  selective  endothelial  cell  mitogen  and  angiogenic  agent. 
Expression  of  VEGF  is  induced  by  several  growth  factors 
and  cytokines,  including  elevated  expression  of  the  ras 
[17],  raf  [18],  and  src  [19]  oncogenes,  mutant  p53  [20], 
and  hypoxia  characteristic  of  rapidly  growing  solid 
tumors  [21].  Overexpression  of  VEGF  has  been  demon¬ 
strated  in  cancer  cells  from  lung  [22],  colon  [23],  breast 
[24],  glioma  [25],  ovary  [26],  and  liver  [27]  cancers.  VEGF 
expression  has  been  reported  to  be  a  negative  prognostic 
sign  in  patients  with  lung  [28],  breast  [29],  and  gastric 
[30]  cancer. 

In  this  study,  we  assessed  the  specificity  and  regulatory 
activity  of  human  VEGF  promoter  element  in  human  lung 
cancer  cells.  We  evaluated  the  cytotoxic  activity  of  a 
recombinant  adenoviral  vector  encoding  human  BAX 
under  control  of  the  human  VEGF  promoter  element.  This 
study  demonstrates  the  feasibility  of  expressing  an  apop¬ 
tosis-promoting  protein  such  as  BAX  through  adenoviral 
gene  transfer  at  levels  that  are  sufficient  to  result  in  the 
selective  death  of  cancer  cells. 


Results 

Induction  of  EGFP  Expression  in  Human  Cell  Lines 
Infected  with  AdVEGFEGFP 

We  constructed  the  recombinant  adenoviral  vector 
AdVEGFEGFP,  which  harbors  the  EGFP  gene  under  the 
control  of  the  human  VEGF  promoter  sequence.  For  ini¬ 
tial  determination  of  transduction  efficiency  and  speci¬ 
ficity  of  VEGF  promoter-driven  EGFP  expression,  several 
human  lung  cell  lines  were  infected  with  AdVEGFEGFP 
or  AdCMVEGFP  recombinant  adenoviruses.  Cells  were 
harvested  48  hours  after  infection,  and  EGFP  expression 
was  analyzed  by  fluorescence-activated  cell  sorting 
(FACS).  Lung  cancer  cells  demonstrated  high  levels  of 
EGFP  expression  after  infection  with  both  AdVEGFEGFP 
and  AdCMVEGFP  adenoviral  vectors  (Fig.  1).  However, 
the  level  of  expression  was  lower  by  1.4-  to  3.8-fold  in 
cells  infected  with  AdVEGFEGFP.  In  contrast,  NHBE  and 
BEAS-2B  normal  human  bronchial  epithelial  cells  demon¬ 
strated  elevated  levels  of  EGFP  expression  and  percent¬ 
age  of  positive  cells  following  AdCMVEGFP  infection  in 
comparison  with  AdVEGFEGFP.  For  subsequent  experi¬ 
ments,  we  used  BEAS-2B  normal  cells  and  A549,  H522, 
H1466,  and  A427  lung  cancer  cell  lines  that  demon¬ 
strated  the  highest  levels  of  EGFP  expression  after 
AdVEGFEGFP  infection. 

These  data  correlated  with  VEGF  expression  in  the 
human  lung  cell  lines.  The  expression  of  the  VEGF  protein 
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was  examined  using  an  enzyme-linked  immunosorbent 
assay  (ELISA)  of  conditioned  media  of  cells  grown  under 
normoxic  conditions  (Fig.  2A).  Lung  cancer  cells  demon¬ 
strated  high  levels  of  VEGF  secretion  in  comparison  with 
normal  lung  cells  BEAS-2B.  Expression  of  VEGF  protein 
was  associated  with  detectable  levels  of  VEGF  mRNA 
expression  in  lung  cancer  cell  lines  (Fig.  2B).  The  human 
^lyceraldehyde  3-phosphate  dehydrogenase  (GAPDH) 
cDNA  was  used  as  an  internal  standard  for  template  load¬ 
ing  in  PCR. 

Induction  of  BAX  Protein  Expression  Causes 
Cancer  Cell  Death 

For  evaluation  of  the  biological  activity  of  recombinant  Bax, 
we  infected  BEAS-2B,  H1466;  and  A427  cells  with  the  dif¬ 
ferent  recombinant  adenoviral  vectors  AdVEGFBAX 
(expressing  BAX  under  VEGF  promoter  element  control)  or 
Ad/BAX  plus  Ad/Cre  (expressing  BAX  under  inducible  con¬ 
trol,  using  the  p-actin  promoter)  for  various  multiplicities 


FIG.  3.  AdVEGFBAX  preferentially  induces  death  in  lung  cancer  cells.  (A)  Normal 
human  bronchial  epithelium  cells  (BEAS-2B)  and  lung  carcinoma  (HI 466  and 
A427)  cells  were  infected  with  the  recombinant  adenoviruses  as  indicated.  Cell 
viability  was  determined  at  96  hours  after  infection  by  using  the  MTS  assay.  Data 
shown  are  mean  values  ±  SD  of  three  experiments.  (B)  Induction  of  BAX  pro¬ 
tein  expression  causes  lung  cancer  cell  death.  Cell  viability  after  infection  (5000 
v.p./cell)  of  HI  466  cells  with  AdVEGFBAX  (closed  columns)  or  AdVECFEGFP 
(opened  columns)  was  determined  using  Trypan  Blue  exclusion.  The  data  show 
mean  values  ±  SD  of  three  experiments.  (C)  The  level  of  expression  of  HA-BAX 
and  p-actin  was  examined  using  a  western  blot  technique.  After  AdVEGFBAX 
infection  (5000  v.p./cell),  HI  466  cells  were  collected  at  the  times  indicated. 
Equal  amounts  (50  p.g)  of  protein  were  loaded  for  each  sample  in  all  lanes  and 
electrophoretically  separated  on  1 2%  SDS-PAGE  followed  by  transfer  to  a  PVDF 
membrane.  One  representative  of  three  different  experiments  is  shown. 


FIG.  2.  VEGF  protein  and  mRNA  expression  in  lung  cell  lines.  (A)  The  level  of 
expression  of  VEGF  protein  was  examined  using  ELISA.  VEGF  concentrations 
in  conditioned  media  of  the  indicated  cell  lines  were  normalized  to  number 
of  viable  cells.  Presented  are  mean  values  ±  SD  of  experiments  that  were  car¬ 
ried  out  in  duplicate  cultures  in  two  separate  experiments.  (B)  Analysis  of  VEGF 
mRNA  transcripts  by  RT-PCR  using  primers  specific  for  all  known  isoforms.  The 
size  of  the  indicated  bands  of  441  and  573  bp  was  determined  by  a  100-bp 
DNA  ladder  and  correspond  to  VEGF121  and  VEGFi^s/  respectively.  One  repre¬ 
sentative  of  three  different  experiments  is  shown. 


of  infection  (Fig.  3A).  AdVEGFBAX  decreased  the  number 
of  viable  H1466  and  A427  Itmg  cancer  cells  as  compared 
with  BEAS-2B,  whereas  infection  of  cells  using  Ad/BAX  plus 
Ad/Cre  caused  death  of  both  lung  cancer  and  normal  cells, 
as  measured  by  3-(4,5-dimethylthiazol-2-yl)-5-(3-car- 
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 
inner  salt  (MTS)  assay  (Fig.  3A). 

Cell  death  could  be  detected  as  early  as  24  hours  after 
AdVEGFBAX  infection  of  H1466  lung  cancer  cells  and 
affected  nearly  90%  of  cells  (for  5000  viral  particles 
(v.p.)/cell)  within  48  hours  (Fig.  3B).  The  time  course  of 
cell  death  correlated  with  the  time  course  of  BAX-HA 
expression,  which  was  detected  as  early  as  12  hours  after 
infection  and  reached  a  peak  at  24-48  hours  (Fig.  3C). 
Similar  results  were  obtained  with  H522  cells  (data  not 
shown). 


AdVEGFBajf 
.-a-  BEAS-2e 

— 

AdVEGFBax 
.  Ht4BC 

Ad/aftx>Ad/Cf« 
— A477 

AdVEGFSax 

.^,A427 

Ad7Bax-»Ad/trB 


1»t«i 


B 


192 


Molecular  Therapy  VoI.  6,  No.  2,  August  2002 
Copyright  ©  The  American  Society  of  Gene  Therapy 


12  h 

. 

■  ■ 

FIG.  4.  Apoptosis  profile  of  HI 466  cells  after  AdVECFBAX  infec¬ 
tion.  (A)  For  annexin-V  binding  assay  and  propidium  iodide  (PI) 
uptake  evaluation,  after  AdVECFBAX  or  AdVEGFEGFP  Infection 
(5000  v.p./cell)  cells  were  collected  over  time  as  indicated  and 
double-stained  with  FITC-conjugated  annexin-V  and  PI.  One  rep¬ 
resentative  of  three  different  experiments  is  shown.  (B)  AN  cells 
taking  vital  dye  PI  were  considered  necrotic,  annexin  V+ cells  were 
considered  apoptotic,  and  only  cells  in  the  lower  right  quadrant 
were  used  for  calculation  of  percentages  from  the  total  number 
of  cells.  Samples  (10,000  cells)  were  analyzed  by  FACScan.  Data 
points  are  the  mean  values  ±  SD  of  two  or  three  experiments, 
each  conducted  in  triplicate. 


10*  n 
Annexin  V 


Time  after  infection  (hours) 

Apoptosis  Profile  after  AdVEGFBAX  Treatment 
To  confirm  th^t  AdVEGFBAX  induces  apoptosis,  H1466 
cells  were  stained  with  both  propidium  iodide  (PI)  and 
fluorescein  isothiocyanate  (FITC)-labeled  annexin-V, 
which  preferentially  binds  to  phosphatidylserine  residues. 
The  exposure  of  phosphatidylserine  on  the  outside  of  the 
plasma  membrane  is  an  early  event  characteristic  of  the 
apoptotic  process,  preceding  the  loss  of  integrity  of  the 
plasma  membrane.  Combined  staining  with  fluorescein- 
conjugated  annexin-V  and  PI  distinguishes  between  early 
(annexin-V^  and  PI')  and  late  apoptotic  cells  (annexin-V*^ 
and  PP)  [31].  The  cells  were  analyzed  by  flow  cytometry 
(Fig.  4A).  Cells  taking  vital  dye  PI  were  considered  necrotic, 
while  annexin-V+  and  PI'  cells  were  considered  apoptotic, 
and  their  percentages  were  calculated.  Nontreated  control 
cells  were  annexin-V',  and  annexin-V-^  cells  did  not 
increase  at  48  hours  after  exposure  to  2500  v.p./cell  of 
AdVEGFEGFP.  In  contrast,  an  increase  in  annexin-V+  cells 
was  observed  at  24-48  hours  compared  with  control  cells 


after  infection  with  AdVEGFBAX  (Fig.  4B).  At  24 
hours  annexin-V'  cells  had  decreased,^  and  subse- 
£  quently  the  two  types  of  positive  (annexin- V+  and 

(PP)  cells  had  increased.  The  results  indicate  that 
^  AdVEGFBAX  rapidly  induced  apoptosis  and  then 
necrosis  at  a  later  time. 

Activation  of  a  family  of  cysteine  aspartyl-spe- 
cific  proteases  is  intimately  associated  with  apop¬ 
tosis  regulation.  Enzymatic  activation  of  initiator 
caspases  (that  is,  caspases-8  and  -9)  leads  to  pro- 
teolytic  activation  of  effector  caspases  (that  is,  cas- 

- ►  pase-3)  and  cleavage  of  a  number  of  proteins  in 

the  apoptosis  pathway  [Ij.  Caspases  are  synthe¬ 
sized  as  inactive  proenzymes  that  are  processed  in 
cells  undergoing  apoptosis  by  self-proteolysis 
and/or  cleavage  by  another  protease.  Western  blot 
analysis  of  cellular  proteins  using  antibodies 
against  caspases  that  can  detect  both  unprocessed 
proenzyme  and  active  forms  of  caspases  demon¬ 
strated  caspase-3,  -8,  and  -9  activation  in  HI 466 
lung  cancer  cells  after  AdVEGFBAX  infection  (Fig. 
5 A).  For  each  caspase,  three  independent  experi¬ 
ments  were  carried  out  in  triplicate  cultures  and 
normalized  for  protein.  Statistical  analyses  were 
conducted  on  the  mean  triplicate  value  from  each 
experiment.  The  activation  of  caspases-3,  -8,  and  -9  was 
examined  after  exposure  of  H1466  lung  cancer  cells  to 
AdVEGFBAX,  using  Ac-DEVD-AFC,  Ac-IETD-AFC,  and  Ac- 
LEHD-AFC  as  substrates.  Figure  5B  summarizes  the  results 
for  caspases-3,  -8,  and  -9.  To  examine  differences  across 
time  for  each  caspase,  ANOVA  (an  analysis  of  variance)  was 
conducted  and  summarized  herein.  There  was  a  time- 
dependent  increase  of  caspase-3  activity  that  was  evident 
at  6  hours  (Fig.  5B),  and  increased  amounts  of  caspase-3 
were  detected  at  12-18  hours,  in  comparison  with  cas- 
pases-8  and  -9,  which  reached  a  peak  of  activity  at  6-9 
hours  after  AdVEGFBAX  infection.  For  caspase-3,  there 
were  significant  differences  across  time  for  those  cells 
infected  with  AdVEGFBAX  (P  <  0.001).  Multiple  compar¬ 
isons  showed  that  caspase-3  activity  at  3  hours  was  sig¬ 
nificantly  less  than  at  6,  9, 12,  and  18  hours,  and  there  was 
a  significant  increase  from  6  hours  to  12  ^d  18  hours  but 
no  significant  difference  in  caspase-3  activity  between  9, 
12,  and  18  hours.  For  caspase-8,  there  were  significant 
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FIG.  5.  Overexpression  of  BAX  induces 
apoptosis  in  HI 466  lung  cancer  cells 
through  activation  of  multiple  caspases. 

(A)  The  cleavage  of  caspases-3,  -8  and  -9 
was  monitored  by  western  blot  analysis. 

HI  466  cells  were  collected  16  hours  after 
AdVEGFBAX  infection  (5000  v.p./cell). 

Equal  amounts  (100  jig)  of  protein  were 
loaded  for  each  sample  in  all  lanes  and 
electrophoretically  separated  on  10% 

SDS-PACE,  followed  by  transfer  to  a  PVDF 
membrane.  One  representative  of  three 
different  experiments  is  shown.  (B) 

Caspase  activity  was  measured  using  Ac-DEVD-AFQ  Ac-IETD-AFQ  and  Ac-LEHD-AFC  as  fluorometric  substrates 
for  caspases-3,  -8,  and  -9  respectively.  After  AdVEGFBAX  or  AdVEGFEGFP  infection  (5000  v.p./cell),  cells  were 
harvested  over  time  as  indicated.  Samples  were  read  in  a  fluorometer  equipped  with  a  400-nm  excitation  filter 
and  505>nm  emission  filter.  Fold  increase  in  caspase  activity  was  determined  by  comparing  the  result  with  the 
level  of  the  uninfected  control  cells.  Data  shown  are  the  mean  ±  SD. 
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differences  across  time  for  H1466  lung  cancer  cells  infected 
with  AdVEGFBAX  (P  =  0.001),  but  multiple  comparisons 
demonstrated  that  this  was  due  to  the  difference  between 
3  hours  versus  all  other  time  points  with  no  significant  dif¬ 
ferences  between  the  6-,  9-,  12-,  and  18-hour  time  points. 
Similarly,  for  caspase-9,  there  were  significant  differences 
across  time  for  cells  infected  with  AdVEGFBAX  (P  =  0.001), 
but  multiple  comparisons  showed  that  this  was  due  to  the 
difference  between  3  hours  versus  all  other  time  points, 
with  no  significant  differences  between  the  6-,  9-,  12-,  and 
18-hour  time  points.  There  were  no  AdVEGFEGFP-induced 
changes  in  caspase-3,  -8,  or  -9  activity,  in  contrast  to  the 
case  of  AdVEGFBAX  treatment.  Similar  results  were 
obtained  with  H522  cells  (data  not  shown).  The  data 
shown  in  Figs.  4  and  5  demonstrate  that  apoptosis  induced 
by  AdVEGFBAX  in  lung  cancer  cells  is  associated  with 
activation  of  caspases-3,  -8,  and  -9. 

AdVEGFBAX  Enhances  Lung  Cancer  Cell  Death 
linder  Hypoxic  Conditions 

Most  solid  tumors  have  areas  of  low  oxygen  tension. 
Expression  of  VEGF  is  induced  in  cells  exposed  to  hypoxia 
[32] .  Hypoxia  for  16  hours  increased  levels  of  secreted  VEGF 
in  the  conditioned  medium  (Fig.  6A)  of  cancer  cells  (1.8-  to 
4.5-fold  induction),  as  well  as  in  normal  human  bronchial 
epithelial  cells  (3.2-fold;  Fig.  6B).  For  determination  of  the 


response  of  the  VEGF  promoter  to 
hypoxic  conditions,  we  infected 
BEAS-2B  cells  with  AdVEGFEGFP. 
The  cells  were  exposed  to  hypoxia 
for  18  hours  and,  after  4  hours  of 
reoxygenation,  were  examined  for 
EGFP  expression  by  fluorescent 
microscopy.  After  culturing  BEAS- 
2B  cells  under  hypoxic  conditions, 
EGFP  expression  was  increased  (Fig. 
6C).  FACS  analysis  also  confirmed 
these  results  for  BEAS-2B  and  A549 
cells  (Fig.  6D).  For  the  A549  cancer 
cell  line,  there  was  a  significantly 
greater  EGFP  expression  for  cells 
infected  with  AdVEGFEGFP  under 
hypoxic  versus  those  under  nor- 
moxic  conditions  (P  =  0.05),  but  no 
significant  difference  between 
those  cells  infected  with 
AdCMVEGFP  under  normoxic  ver¬ 
sus  hypoxic  conditions  (P  =  0.2). 
For  the  BEAS-2B  lung  cell  line, 
there  was  a  significantly  greater 
EGFP  expression  for  cells  infected 
with  AdVEGFEGFP  under  hypoxic 
conditions  in  contrast  to  those 
under  normoxia  (P  =  0.05),  but  no 
significant  differences  between  cells 
infected  with  AdCMVEGFP  under 
normoxia  in  contrast  to  conditions  of  low  oxygen  tension 
(P  =  0.2).  The  A549  human  lung  cancer  cells  had  greater 
EGFP  expression  than  the  BEAS-2B  human  lung  cells  under 
all  treatment  conditions  (P  =  0.05).  Infection  with 
AdVEGFEGFP  at  6000  v.p./cell  did  not  induce  EGFP  expres¬ 
sion  in  BEAS-2B  cells  under  conditions  of  normal  oxygen 
tension.  These  results  demonstrate  the  specificity  of  VEGF 
promoter-driven  EGFP  expression. 

To  test  whether  VEGF  promoter-regulated  BAX  expres¬ 
sion  is  able  to  modulate  cell  death  under  hypoxic  condi¬ 
tions,  A549  and  BEAS-2B  lung  cells  after  AdVEGFBAX 
infection  were  exposed  to  hypoxia  for  72  hours.  A  two-fac¬ 
tor  ANOVA  with  an  interaction  term  was  used  to  analyze 
these  data.  As  shown  in  Fig.  7A  and  confirmed  by  the 
analysis,  there  was  a  significant  reduction  in  mean  cell 
viability  in  both  cell  lines  A549  (P  <  0.001)  and  BEAS-2B 
(P  <  0.001)  exposed  to  hypoxic  conditions.  In  addition, 
there  was  a  significant  reduction  in  mean  cell  viability  in 
the  A549  lung  cancer  cells  as  compared  with  the  BEAS-2B 
lung  cells  under  both  hypoxic  and  normoxic  conditions 
(P  <  0.001),  and  A549  lung  cancer  cells  were  more  sensi¬ 
tive  to  AdVEGFBAX  treatment  after  incubation  under  con¬ 
ditions  of  low  oxygen  tension  (O2,  1%),  as  measured  by 
MTS  assay  (interaction  P  =  0.005).  To  confirm  that 
AdVEGFBAX  induces  apoptosis  under  hypoxia,  A549  and 
BEAS-2B  cells  were  stained  with  both  PI  and  FITC-labeled 
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FIG.  6.  Effect  of  hypoxic  conditions  on  VEGF  protein  expression.  (A)  VEGF-specific  EUSA  was  used  to  determine  VEGF  concentrations  In  conditioned  media  of  the 
human  lung  cell  lines  incubated  under  normoxlc  (O2,  21%)  or  exposed  to  hypoxic  (O2, 1  %)  conditions  for  1 6  hours  and  normalized  to  number  of  viable  cells.  (B) 
Fold  increase  protein  concentration  was  determined  by  comparing  VEGF  concentration  in  conditioned  media  after  incubation  under  hypoxia  with  the  level  of  the 
VEGF  protein  secretion  under  normoxlc  conditions.  Data  presented  are  mean  values  ±  SD  of  two  separate  experiments.  The  VEGF  promoter  response  to  hypoxic 
conditions  is  determined.  (C)  For  determination  of  response  of  VEGF  promoter  element  to  hypoxic  conditions#  following  infection  with  AdVEGFEGFP  (6000  v.p./cell)# 
BEA5-2B  human  lung  cells  were  cultured  under  normoxic  (O2#  21%)  or  exposed  to  hypoxic  (O2#  1%)  conditions  for  18  hours  and  after  reoxygenation  for  4  hours 
examined  for  EGFP  expression  by  fluorescent  microscopy.  Original  magnification  was  xlOO.  (D)  At  the  same  time  points  after  AdVEGFEGFP  infection,  BEAS-2B  and 
A549  cells  were  harvested  and  samples  (10,000  cells)  were  analyzed  by  FACScan.  EGFP  fluorescence  was  the  mean  fluorescence  signal  in  EGFP^  cells  in  ru  after  sub¬ 
traction  of  background  fluorescence.  Data  presented  are  mean  values  ±  SD  of  three  separate  experiments. 


annexin-V;  and  the  samples  were  analyzed  by  flow  q^om- 
etry  (Fig.  7B).  A  two-factor  ANOVA  with  an  interaction 
term  was  used  to  analyze  these  data.  There  was  signifi¬ 
cantly  greater  mean  apoptosis  for  those  cells  under 
hypoxic  versus  normoxic  conditions  in  both  cell  lines, 
A549  (P  <  0.001)  and  BEAS-2B  (P  <  0.001).  In  addition, 
there  was  significantly  greater  apoptosis  in  the  A549  cell 
line  than  in  the  BEAS-2B  cell  line  (P  <  0.001),  and  the 
A549  lung  cancer  cells  were  more  sensitive  to  AdVEGFBAX 
treatment  after  incubation  under  conditions  of  low  oxy¬ 
gen  tension  (interaction  P  =  0.004).  These  data  demon¬ 
strated  that  AdVEGFBAX  can  enhance  cancer  cell  death 
through  increasing  apoptosis  under  hypoxic  conditions. 

Discussion 

"fumor  targeting  is  one  of  the  most  important  goals  of  can- 
cer  gene  therapy.  Different  approaches  have  been  used  to 
attain  selective  and  regulated  expression  of  therapeutic 


genes.  For  instance,  selective  gene  expression  can  be 
achieved  through  transcriptional  regulation  using  tumor- 
specific  promoter  elements.  Another  regulatory  strategy  is 
metabolic-specific  responsive  gene  therapy.  In  this  case, 
transgene  expression  is  regulated  by  endogenous  mecha¬ 
nisms  in  such  a  way  that  production  of  a  desired  protein  cor¬ 
relates  with  a  physiological  stimulus  [33].  Although  the  use 
of  BAX  protein  overexpression  for  apoptosis  induction  or 
VEGF  promoter  for  driving  therapeutic  gene  expression  in 
cancer  cells  has  been  described,  this  is  the  first  report  of  a 
physiologically  regulated  single  adenoviral  vector  that  can 
be  used  to  target  BAX  gene  expression  to  cancer  cells. 
Furthermore,  our  results  demonstrate  the  potential  to  reg¬ 
ulate  this  gene  expression  system  through  conditions  of  low 
oxygen  tension.  In  the  present  study,  the  selectivity  of  EGFP 
or  human  BAX  expression  was  achieved  through  use  of  the 
human  VEGF  promoter  element  in  human  lung  cancer  cells 
that  expressed  high  levels  of  VEGF  mRNA  and  protein  [28] . 

For  screening  VEGF  promoter  activity,  several  human 
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FIG.  7.  AdVECFBAX  enhances  lung  cancer  cell  death  through  increasing  apoptosis  under  hypoxic 
conditions.  (A)  BEAS-2B  and  A549  lung  cells  after  AdVECFBAX  (5000  v.p./cell)  infection  were 
exposed  to  hypoxic  (O2,  1  %)  or  cultured  under  normoxic  (Oj,  21  %)  conditions  for  72  hours, 
and  cell  viability  was  determined  using  the  MTS  assay.  Each  bar  represents  the  mean  values  ± 
SD  of  three  experiments.  (B)  After  infection  with  5000  v.p./cell  AcfvECFBAX,  A549  and  BEAS- 
2B  cells  were  cultured  under  normoxic  (Oj,  21%)  or  exposed  to  hypoxic  (Oj,  1%)  conditions 
for  48  hours  and  after  reoxygenatidh  for  4  hours  were  examined  for  annexin-V  binding  and  PI 
uptake.  Cells  were  collected  and  double-stailned  with  FITC-conjugated  annexin-V  and  PI.  Cells 
taking  up  vital  dye  PI  were  considered  necrotic;  annexin-V*  cells  were  considered  apoptotlc  and 
their  percentages  were  calculated.  Samples  (10,000  cells)  were  analyzed  by  FACScan.  Data 
expressed  as  percentage  of  annexin-V*  cells  are  the  means  after  subtraction  of  uninfected  con¬ 
trol.  Data  presented  are  the  mean  values  ±  SD  of  three  independent  experiments. 


lung  cell  lines  were  infected  with  AdVEGFEGFP.  Lung  can¬ 
cer  cells  showed  increased  levels  of  EGFP  expression  in 
comparison  with  normal  lung  cells,  which  had  high  lev¬ 
els  of  EGFP  expression  driven  by  the  vector  with  the 
cytomegalovirus  (CMV)  promoter.  Additionally,  lung  can¬ 
cer  cells  were  more  sensitive  to  AdVEGFBAX  treatment, 
because  overexpression  of  BAX  induced  apoptosis  and 
decreased  cell  growth  in  these  cells.  Thus,  specific  gene 
expression  under  control  of  the  Ve6f  promoter  can  be 
useful  for  gene  therapy  of  a  variety  of  cancers. 

Tumor  nodules  larger  than  1-2  mm  (~  10®  cells)  in'  diam¬ 
eter  have  areas  of  low  oxygen  tension.  These  conditions 
result  in  the  induction  of  neovascularization  by  angiogen¬ 
esis  from  the  surrounding  host  tissue  blood  vessels.  VEGF 
expression  has  been  observed  in  most  tumors,  especially  in 
hypoxic  areas  [32,34].  VEGF  gene  transcription  is  activated 
in  hypoxic  cells  through  interaction  of  the  hypoxia- 
inducible  factor-1  (HIF-1)  with  binding  sites  of  the  hypoxia- 
responsive  element  (HRE)  in  the  5 '-flanking  promoter 
region  [35].  In  recent  studies,  a  new  nonviral,  hypoxia- 
responsive  vector  encoding  luciferase  reporter  gene  and  the 
HRE  of  human  VEGF  promoter  was  developed  [36]. 

We  infected  cells  with  AdVEGFEGFP  for  in  vitro  deter¬ 
mination  of  response  of  VEGF  promoter  to  hypoxic 


conditions.  The  lung  cells  demon¬ 
strated  upregulated  levels  of  EGFP 
T  expression  under  hypoxic  conditions 

I  after  4  hours  of  reoxygenation. 

Infection  with  AdVEGFEGFP  at  the 
highest  titer  used  in  these  experiments 
did  not  induce  EGFP  expression  in 
BEAS-2B  lung  cells  under  conditions  of 
normal  oxygen  tension.  These  results 
demonstrate  the  specificity  of  VEGF 
promoter-driven  EGFP  expression.  On 
the  other  hand,  hypoxic  conditions 
enhanced  apoptosis  and  lung  cancer 
cell  death  caused  by  BAX  overexpres- 
_  _ _  Sion  following  AdVEGFBAX  infection. 

Koshikawa  et  ah  showed  the  thera- 

aAS49  Hypoxia  peutic  effect  of  a  retroviral  vector  har- 
^  boring  the  suicide  gene  herpes  simplex 

virus  thymidine  kinase  under  the  con- 
)ptosis  under  hypoxic  trol  of  mouse  VEGF  promoter  in  All 
(./cell)  infection  were  cancer  carcinoma  cells  [32]. 

iditions  for  72  hours,  hypoxic  environment  increased  cyto- 

iAX  A549  and  BEAS  deaminase  gene  expression  driven 

(O2, 1%)  conditions  ^  HRE  [37]. 

jxin-V  binding  and  PI  'ised  a  single  adenoviral  vector 

inexin-V  and  PI.  Cells  to  evaluate  the  anticancer  activity  of 
idered  apoptotlc  and  BAX  expression  driven  by  the  VEGF 
d  by  FACScan.  Data  promoter  element  in  lung  cancer  cell 
)n  of  uninfected  con-  lines  in  vitro.  Recently,  several  loss-of- 
iriments. _ _  function  mutations  have  been  identi¬ 

fied  in  the  BAX  genes  of  human 
tumors  [38],  and  analysis  of  Bax- 
mutant  mice  indicates  that  BAX  is  a  tumor  suppressor  in 
vivo  [39].  Transcription  of  Bax  is  also  directly  regulated 
by  pS 3 f  thus  providing  another  connection  of  this  impor¬ 
tant  tumor  suppressor  to  apoptosis  pathways  [40].  Our 
results  demonstrate  that  overexpression  of  exogenous 
BAX  protein  can  induce  apoptosis  in  lung  cancer  cells, 
through  activation  of  both  caspases-8  and  -9,  which  leads 
to  activation  of  downstream  caspase-3.  Several  obstacles 
to  adenoviral  gene  transfer  could  limit  the  effectiveness 
of  BAX  overexpression  controlled  by  the  VEGF  promoter 
element.  Although  the  use  of  the  VEGF  promoter  has 
permitted  selective  expression  of  BAX  in  human  lung 
cancer  cells,  nontargeted  adenoviral  transport  to  liver 
might  occur  in  vivo.  Several  reports  have  shown  that  lev¬ 
els  of  VEGF  expression  in  normal  liver  are  significantly 
less  as  compared  with  hepatocellular  carcinoma  [41]  or 
cirrhotic  liver  [42].  However,  further  studies  are  required 
to  investigate  hepatotoxicity  with  AdVEGFBAX  in  vivo. 

We  have  shown  that  overexpression  of  BAX  leads  to 
apoptosis  in  lung  cancer  cell  lines,  but  not  normal  cell 
lines.  Furthermore,  the  results  demonstrated  that  the  reg¬ 
ulatory  activity  of  the  human  VEGF  promoter  in  lung 
cancer  cells  led  to  increased  levels  of  apoptosis  and 
growth  suppression  under  hypoxic  conditions. 
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Materials  and  Methods 

Cell  cultures.  All  cell  lines,  except  NHBE  6043NRA  cells,  were  originally 
obtained  from  the  American  Type  Culture  Collection  (ATCC,  Rockville,  MD). 
The  normal  human  bronchial  epithelial  NHBE  6043NRA  cells  were  obtained 
from  Clonetics  (San  Diego,  CA).  The  normal  human  bronchial  epithelial 
adenovims- 12-simian  virus-40  (SV40)  virus  hybrid-transformed  BEAS-2B 
and  normal  human  bronchial  epithelial  NHBE  6043NRA  cells  were  grown 
in  bronchial  epithelial  growth  medium  (Clonetics).  Human  lung  cancer 
A427,  A549,  H322,  H522,  and  H1466  cells  were  maintained  in  RPMI  1640 
medium  with  10%  feline  bovine  serum  (FBS);  the  human  embryonic  kidney 
293  cells  were  grown  in  Dulbecco's  modified  Eagle's  medium  (DMEM)  with 
10%  FBS.  All  cells  were  maintained  at  37'’C  in  a  humidified  atmosphere  with 
5%  CO2  (normoxia).  For  induction  of  hypoxia,  cells  were  placed  in  a  spe¬ 
cially  designed  chamber  (PLASandLABS,  Lansing,  MI)  flushed  with  a  blood 
gas  mixture  contain  5%  CO2  and  95%  N2;  hypoxic  conditions  (1%  O2)  were 
confirmed  and  maintained  using  a  gas  oxygen  controller  PRO: OX- 100 
(Reming  Bioinstmments,  Redfield,  NY). 

Adenoviral  vectors.  Recombinant  adenoviral  vectors  encoding  hemag¬ 
glutinin  (HA)-tagged  human  BAX-a  and  enhanced  green  fluorescent  pro¬ 
tein  (EGFP;  Clontech)  under  the  control  of  the  human  VEGF  promoter 
element  were  constructed  using  a  method  reported  earlier  [43].  Briefly,  the 
fragment  containing  cDNA  encoding  the  EGFP  gene  with  the  VEGF  pro¬ 
moter  was  removed  from  pEGFP/VEGFpro  plasmid  (a  gift  from  J.  A. 
Forsythe,  The  Johns  Hopkins  University,  Baltimore,  MD)  by  restriction 
enzyme  digestion,  then  blunted  and  cloned  into  a  promoterless  plasmid 
pShuttle  to  generate  the  pShuttleVEGFEGFP.  To  obtain  pBaxA^GFpro, 
plasmid  cDNA  encoding  the  HA-BAX  gene  was  isolated  from  pRc/CMV/Bax 
plasmid  (provided  by  J.  Xiang,  University  of  Alabama  at  Birmingham, 
Birmingham,  AL),  filled  in  by  Klenow  fragments,  and  ligated  with  blunted 
VEGFpro  segment  of  pEGFPA^GFpro  plasmid,  which  was  digested  and 
EGFP  cDNA  removed  before  cloning.  The  fragment  including  HA-BAX 
cDNA  and  the  VEGF  promoter  was  replaced  from  the  pBaxA^GFpro  plas¬ 
mid,  then  blunted  and  cloned  into  a  plasmid  pShuttle  (Quantum 
Biotechnologies,  Montreal,  PQ,  Canada)  to  generate  the  pShuttleVEGFBax. 
The  inserts  were  confirmed  by  PCR  analysis,  restriction  enzyme  mapping, 
and  partial  sequencing  analysis.  The  resulting  plasmids  were  linearized  and 
cotransfected  with  pAdEasy-1  plasmid  (Quantum  Biotechnologies)  into 
Escherichia  coli  BJ5183  bacteria.  Recombinant  clones  were  confirmed  by 
PCR  analysis,  linearized,  and  transected  into  293  cells  using  the  Effectene 
lipid-based  transfection  method  (Qiagen,  Chatsworth,  CA)  to  generate 
AdVEGFBAX  or  AdVEGFEGFP.  Each  recombinant  adenovirus  was  isolated 
from  a  single  positive  plaque  and  passed  through  three  rounds  of  plaque 
purification  and  subsequently  confirmed  by  PCR  and  restriction  enzyme 
analysis  as  described  [44].  AdCMVEGFP  was  provided  by  D.  L.  Della  Manna 
(University  of  Alabama  at  Birmingham).  The  inducible  Cre-loxP  system, 
which  consists  of  Ad/BAX  and  Ad/Cre  adenoviruses,  was  provided  J.  Xiang 
(University  of  Alabama  at  Birmingham).  All  viruses  were  propagated  in 
293  cells,  purified  by  ultracenrifugation  in  a  cesium  chloride  gradient,  and 
subjected  to  dialysis.  Viral  titer  was  measured  by  a  standard  plaque  assay 
using  293  cells  and  by  absorbance  of  the  dissociated  virus  at  i4260nm-  Titers 
for  subsequent  experiments  were  viral  particles  (v.p.)  per  milliliter  deter¬ 
mined  by  A260nm-  Vital  preparations  had  ratios  of  v.p.  to  plaque-forming 
units  (pfu)  between  50:1  and  100:1. 

Flow  cytometry  analysis  of  apoptosis.  Annexin-V  binding  and  propidium 
iodide  (PI)  uptake  were  used  for  apoptosis  evaluation.  Cells  were  collected  at 
different  time  points  and  double-stained  with  FTTC-conjugated  armexin-V 
and  PI  for  15  minutes  at  room  temperature.  Annexin-V  and  PI  were  added 
according  to  the  manufacturer's  recommendations  (BioVision,  Palo  Alto, 
CA).  Samples  were  immediately  analyzed  by  FACScan.  Annexin-V  and  PI 
emissions  were  detected  in  the  R-l  (530/30  nm)  and  FL-2  (585/40  nm)  chan¬ 
nels,  respectively.  For  each  sample,  data  from  -  10,000  cells  were  recorded 
in  list  mode  on  logarithmic  scales.  Analysis  was  conducted  with  the  Cell 
Quest  software  (Becton  Dickinson,  San  Jose,  CA)  on  cells  characterized  by  for¬ 
ward/side  scatter  (FSC/SSC)  parameters.  Cell  debris  characterized  by  a  low 
FSC/SSC  was  excluded  from  analysis.  Aimexin-V+  and  PI“  cells  were  consid¬ 
ered  apoptotic,  while  cells  that  were  only  Pr  were  considered  necrotic.  The 
percentage  of  apoptotic  cells  was  calculated. 


EGFP  expression  assays.  Cellular  EGFP  expression  was  quantitatively 
examined  by  FACS  analysis  and  visualized  using  fluorescence  microscopy. 
After  AdVEGFEGFP  or  AdCMVEGFP  infection,  cells  were  collected  at  dif¬ 
ferent  time  points,  and  ~  10,000  cells  were  illuminated  at  488  nm  and  flu¬ 
orescence  detected  in  the  FTTC  (525/20-nm)  channel.  Nonspecific  fluores¬ 
cence  was  detected  using  a  575/30-nm  emission  filter  in  the  PI  channel. 
EGFP  fluorescence  is  the  mean  fluorescence  signal  in  EGFP*  cells  in  rela¬ 
tive  units  (m)  after  subtraction  of  background  fluorescence.  An  inverted- 
system  microscope  Olympus  1X70  (Olympus  America,  Melville,  NY)  was 
used  for  screening  of  EGFP  expression  in  cell  monolayers.  We  detected 
increased  levels  of  EGFP  expression  after  exposure  of  cells  to  conditions  of 
low  oxygen  tension  for  18  hours  followed  by  culturing  under  normoxia  for 
4  hours. 

Cell  viability  assays.  Viability  after  infection  with  different  adenoviral 
vectors  was  determined  using  the  3-(4,5-dimethylthiazol-2-yl)-5-(3-car- 
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetTazolium,  inner  salt  (MTS) 
assay  according  to  the  manufacturer's  instmctions  (Promega,  Madison, 
WI).  Cell  viability  was  also  evaluated  using  Trypan  Blue  (Life  Technologies, 
Grand  Island,  NY).  Trypan  blue*  cells  were  considered  dead,  and  the  per¬ 
centage  of  dead  cells  was  calculated  among  the  total  cell  number  (dt  least 
200  cells).  Cells  were  counted  using  a  hemacytometer. 

Caspase  activity  assay.  Caspase  activity  was  measured  using  N-acetyl-Asp- 
Glu-Val-Asp-aminofluoro  coumarine  (Ac-DEVD-AFC),  N-acetyl-Ile-Glu-Thr- 
Asp-aminofluoro  courmarine  (Ac-IETD-AFC)  and  N-acetyl-Leu-Glu-His-Asp- 
aminofluoro  coumarine  (Ac-LEHD-AFC)  as  fluorometric  substrates  for 
caspase-3,  -8,  and  -9,  respectively  (BioVision).  Cells  were  resuspended  on 
ice  in  cell  lysis  buffer.  The  protein  concentration  in  the  samples  were 
determined  by  the  Biuret  method  using  the  BCA  Protein  Assay  Kit  (Pierce, 
Rockford,  IL).  A  SO-jig  aliquot  of  cell  lysate  was  added  to  (1:1  vol/vol)  2x 
reaction  buffer  containing  10  mM  dithiothreitol  and  AFC-conjugated  sub¬ 
strates  (50  jtM  final  concentration)  and  incubated  at  37®C  for  2  hours.  The 
optical  density  was  measured  in  a  VersaFluor  fluorometer  (Bio-Rad, 
Hercules,  CA)  equipped  with  a  400-nm  excitation  and  505-nm  emission  fil¬ 
ters.  Fold  inaease  in  caspase  activity  was  determined  by  comparing  the  flu¬ 
orescence  of  a  treated  sample  with  the  level  of  the  uninduced  control. 

Western  blot  analysis.  The  level  of  BAX-HA  protein  expression  and  the 
cleavage  of  caspases  were  examined  by  immunoblotting  technique.  Briefly, 
cells  were  collected,  washed  in  Dulbecco's  phosphate  buffered  saline  (PBS), 
and  homogenized  in  ice-cold  lysis  buffer  (50  mM  Tris-HCl,  150  mM  NaCl, 
2  mM  EDTA,  1%  IGEPAL  CA-630;  Sigma,  St.  Louis,  MO),  The  homogenate 
was  centrifuged  at  14,000^  for  15  minutes  at  4‘’C.  The  protein  concentra¬ 
tion  in  the  supernatant  was  determined  by  the  Biuret  method  using  the 
BCA  Protein  Assay  Kit  (Pierce).  Each  sample  was  denatured  for  5  minutes 
at  100®C  in  loading  buffer.  Equal  amounts  of  protein  were  loaded  for  each 
sample  in  all  lanes  and  electrophoretically  separated  on  SDS~P AGE  followed 
by  transfer  to  a  polyvinylidene  difluoride  (PVDF)  membrane  (Millipore, 
Bedford,  MA).  The  membrane  was  blocked  with  2%  nonfat  milk  (Bio-Rad) 
in  TBS  (135  mM  NaCl,  2.5  mM  KCl,  25  mM  Tris-HCl,  pH  7.5).  BAX-HA 
was  detected  using  specific  anti-HA  mouse  monoclonal  antibody 
(Boehringer  Mannheim,  Indianapolis,  IN)  and  goat  anti-mouse  Ig(H+L)- 
HRP  secondary  antibody  (Southern  Biotechnology  Associates,  Birmingham, 
AL).  Caspases-8  and  -9  were  detected  using  specific  mouse  monoclonal 
antibodies  (BD  PharMingen,  San  Diego,  CA)  and  goat  anti-mouse  Ig(H+L)- 
HRP  secondary  antibody  (Southern  Biotechnology  Associates).  Caspase-3 
was  detected  using  polyclonal  rabbit  antiserum  (BD  PharMingen)  and  goat 
anti-rabbit  Ig-HRP  secondary  antibody  (Southern  Biotechnology 
Associates).  p-Actin  protein,  expression  of  which  was  used  as  a  loading 
control,  was  detected  using  goat  anti-actin  polyclonal  IgG  and  bovine  anti¬ 
goat  IgG-HRP  secondary  antibody  (Santa  Cruz  Biotechnology,  Santa  Cruz, 
CA).  The  membrane  was  processed  and  treated  with  HRP  color  develop¬ 
ment  reagent  (Bio-Rad). 

Measurement  of  VEGF  protein  in  cell  culture  supernatant  For  generation 
of  conditioned  medium  after  overnight  incubation  under  normoxic  condi¬ 
tions,  cells  were  washed  with  Dulbecco's  PBS,  and  serum-free  medium  was 
added.  Cell  culture  supernatant  aliquots  were  collected  after  16  hours  of  nor¬ 
moxic  or  hypoxic  incubation,  centrifuged  to  remove  floating  cells,  and  stored 
at  -20°C,  VEGF  concentrations  were  assessed  by  using 
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quantitative  ELISA  (R&D  Systems,  MinneapoUs,  MN)  following  the  manu¬ 
facturer's  instructions.  The  raw  VEGF  data  were  normalized  according  to  the 
number  of  viable  cells  in  each  sample,  as  determined  by  using  trypan  blue 
(Life  Technologies)  staining.  Cells  were  counted  using  a  hemacytometer. 

RNA  preparation  and  RT-PCR.  The  levels  of  VEGF  mRNA  were  deter¬ 
mined  by  RT-PCR.  Total  RNA  was  extracted  from  10^  animal  cells  using 
RNeasy  Mini  Kit  (Qiagen,  Valencia,  CA)  following  standard  protocol,  and 
quantified  spCCTOphotometrically  using  an  MBA  2000  spectrophotometer 
(Perkin  Elmer,  Wellesley,  MA).  cDNA  was  synthesized  by  using  random 
hexamer  primers  and  Omniscript  RT  kit  (Qiagen).  The  first-strand  cDNA 
was  used  as  the  template  for  PCR.  For  amplification  of  cDNA  encoding 
VEGF,  the  following  primers  were  used:  VEGF  forward,  5 '-ATGAACriTCT- 
GCTGTCTTGG-3';  VEGF  reverse,  S'-TCACCGCCTCGGCTTGT-S'.  The 
human  GAPDH  cDNA  was  used  as  an  internal  standard  for  template  load¬ 
ing  of  PCR  by  using  primers  5'-TCCCATCACCATCTTCCA-3'  (GAPDH  for¬ 
ward)  and  5'-CATCACGCCACAGTTTCC-3'  (GAPDH  reverse).  PCR  was 
done  under  the  following  conditions:  20  cycles  of  95°C  for  45  seconds,  60®C 
for  30  seconds,  and  72“C  for  1  minute).  PCR  products  were  analyzed  by 
2%  agarose  electrophoresis  with  ethidium  bromide  staining. 

Statistical  analysis.  For  experiments  in  which  triplicates  were  run  to 
reduce  measurement  error,  the  statistical  analyses  were  conducted  on  the 
mean  triplicate  value.  For  all  associated  two-group  comparisons,  statistical 
significance  was  determined  using  the  nonparametric  Wilcoxon-signed 
rank  test  with  exact  computations  for  P  value.  The  differences  between 
groups  were  considered  to  be  statistically  significant  when  the  P  value  was 
I  0.05.  For  multiple-group  comparisons  (more  than  two  groups),  analyses 
were  completed  using  ANOVA  with  follow-up  multiple  comparison  in  the 
cases  with  overall  significant  differences.  All  statistical  analyses  were  con¬ 
ducted  in  SAS  [45]. 

Acknowledgments 

We  thank  Sally  B.  Lagan  and  Soneshia  L.  M.  McMillan  (both  from  University  of 
Alabama  at  Birmingham)  for  assistance  in  preparing  the  manuscript  This  work 
was  supported  by  Pediatric  Brain  Tumor  Foundation  of  the  United  States,  Grant 
000136268.  and  Department  of  Defense  Grant  DAMD 17-01 -001 2. 

RECEIVED  FOR  PUBLICATION  OCTOBER  16,  2001; 

ACCEPTED  MAY  22,  2002. 

References 

1.  Reed,  J.  C.  (2000).  Mechanisms  of  apoptosis.  Am.  j.  Pathol.  157: 1 41 5-1430. 

2.  Adams, ).,  and  Coiy,  S.  (2001).  Life-or-death  decisions  by  the  Bd-2  protein  family.  Trends 
Biochem.  Sci  26:  61-66. 

3.  Adams, ).,  and  Cory,  S.  (1 998).  The  Bcl-2  protein  family:  arbiters  of  cell  survival.  Science 
281: 1322-1326. 

4.  Cross,  A.,  McDonnell,  J.,  and  Korsmeyer,  S.  (1999).  BCL-2  family  members  and  the 
mitochondria  in  apoptosis.  Cenes  Dev.  13: 1899-1911. 

5.  Brambilla,  E.,  et  al.  (1 998).  p53  mutant  immu nophenotype  and  deregulation  of  pS3  tran¬ 
scription  pathway  (Bcl2,  Bax,  and  Wafl)  in  precursor  bronchial  lesions  of  lung  cancer. 
Qin.  Cancer  Res.  4: 1 609-1 61 8. 

6.  Apolinario,  R.  M.,  et  al.  (1997).  Prognostic  value  of  the  expression  of  p53,  Bcl-2,  and 
Bax  oncoproteins,  and  neovascularization  in  patients  with  radically  resected  non-small- 
cell  lung  cancer.  /.  Clin.  Oncol,  15:  2456-2466. 

7.  Chen,  Y.,  et  al.  (1999).  Expression  of  Bcl-2,  Bax,  and  p53  proteins  in  carcinogenesis  of 
squamous  cell  lung  cancer.  Anticancer  Res.  19: 1351-1356. 

8.  Coll,  J.  L,  et  al.  (1998).  Antitumor  activity  of  box  and  p53  naked  gene  transfer  in  lung 
cancer:  in  vitro  and  in  vivo  analysis.  Hum.  Cene  Ther.  9:  2063-2074. 

9.  Benihoud,  K.,  Yeh,  P.,  and  Perricaudet,  M.  (1999).  Adenovirus  vectors  for  gene  delivery. 
Curr.  Opin.  Biotechnol.  10:  440-447. 

10.  Robbins,  P.  D.,  Tahara,  H.,  and  Chivizzani,  S.  C.  (1998).  Viral  vectors  for  gene  therapy. 
Trends  Biotechnol.  16:  35-40. 

11.  Kagawa,  S.,  et  al.  (2000).  Antitumor  effect  of  adenovirus-mediated  Bax  gene  transfer 
on  p53-sensitive  and  p53-reslstant  cancer  lines.  Cancer  Res.  60: 1157-1161 . 

12.  Xiang,  J„  et  al.  (2000).  Pro-apoptotic  treatment  with  an  adenovirus  encoding  Bax 
enhances  the  effect  of  chemotherapy  in  ovarian  cancer.  /.  Cene  Med.  2:  97-106. 

13.  Tai,  Y.  T.,  Strobel,  T.,  Kufe,  D.,  and  Cannistra,  S.  A.  (1 999).  In  vivo  cytotoxicity  of  ovar¬ 
ian  cancer  cells  through  tumor-selective  expression  of  the  BAX  gene.  Cancer  Res.  59: 
2121-2126. 

14.  Lowe,  S.  L.,  etal.  (2001).  Prostate-specific  expression  of  Bax  delivered  by  an  adenovi¬ 
ral  vector  induces  apoptosis  in  LNCaP  prostate  cancer  cells.  Cene  Ther.  8:' 1363-1 371. 


IS.Shinoura,  N.,  et  al.  (2000).  Adenovirus-mediated  transfer  of  box  with  caspase-8  con¬ 
trolled  by  myelin  basic  protein  promoter  exerts  an  enhanced  cytotoxic  effect  in  gliomas. 
Cancer  Cene  Ther.  7:  739-748. 

16.  Folkman, ).  (1990).  What  is  the  evidence  that  tumors  are  angiogenesis  dependent?  /. 
Natl.  Cancer  Inst.  82:  4-6. 

17. Arbisher,J.  L.,  et  al.  (1997).  Oncogenic  H-ras  stimulates  tumor  angiogenesis  by  two 
distinct  patiiways.  Proc.  Natl.  Acad.  Sci.  USA  94:  861-866. 

IS.Crugel,  S.,  Finkenzeller,  C.,  Weindet,  K.,  Barleon,  B.,  and  Marme,  D.  (1995).  Both  v- 
Ha-Ras  and  v-Raf  stimulate  expression  of  the  vascular  endothelial  growth  factor  in  NIH 
3T3  cells.  /.  Biol.  Chem.  270:  25915-25919. 

19.  Mukhopadhyay,  D.,  Tsiokas,  L.,  and  Sukhatme  V.  P,  (1995).  Wild-type  pS3  and  v-Src 
exert  opposing  influences  on  human  vascular  endothelial  growth  factor  gene  expres¬ 
sion.  Cancer  Res.  55:  6161-6165. 

20.  Kleser,  A.,  Welch,  H.  A.,  Brandner,  G.,  Marme,  D.,  and  Kolch,  W.  (1994).  Mutant  p53 
potentiates  protein  kinase  C  induction  of  vascular  endothelial  growth  factor  expression. 
Oncogene  9:  963-969. 

21.  Shweiki,  D.,  Itin,  A.,  Soffer,  D.,  and  Keshet,  E.  (1992).  Vascular  endothelial  growth  fac¬ 
tor  induced  by  hypoxia  may  mediate  hypoxia-initiated  angiogenesis.  Nature  359; 
843-845. 

22. Mattern,  J.,  Koomagi,  R.,  and  Volm,  M.  (1995).  Vascular  endothelial  growth  factor 
expression  and  angiogenesis  in  non-small  cell  lung  carcinomas.  Int.  /.  Oncol.  6; 
1059-1062. 

23.  Andre,  T.,  et  al.  (2000).  Vegf,  Vegf-B,  Vegf-C  and  their  receptors  KDR,  FLT-1  and  FLT- 
4  during  the  neoplastic  progression  of  human  colonic  mucosa.  Int  }.  Cancer  86: 
174-181. 

24.  Brown,  L.  F.,  etal.  (1995).  Expression  of  vascular  permeability  factor  (vascular  endothe¬ 
lial  growth  factor)  and  its  receptors  in  breast  cancer.  Hum.  Pathol.  26:  86-91 . 

25. Miyagami,  M.,  Tazoe,  M.,  and  Nakamura,  S.  (1998).  Expression  of  vascular  endothe¬ 
lial  growth  factor  and  p53  protein  in  association  with  neovascularization  in  human 
malignant  gliomas.  Brain  Tumor  Pathol.  15:  95-100. 

26.  Orre,  M.,  and  Rogers,  P.  A.  (1999).  VEGF,  VECFR-1,  VECFR-2,  microvessel  density  and 
endothelial  cell  proliferation  In  tumours  of  the  ovary.  Int }.  Concer  84:  101-108. 

27.  Suzuki,  K.,  et  at.  (1996).  Expression  of  vascular  permeability  factor/vascular  endothe¬ 
lial  growth  factor  In  human  hepatocellular  carcinoma.  Cancer  Res.  56;  3004-3009. 

28.  Yuan,  A.,  et  al.  (2000).  Correlation  of  total  VEGF  mRNA  and  protein  expression  with 
histologic  type,  tumor  angiogenesis,  patient  survival  and  timing  of  relapse  In  non¬ 
small-cell  lung  cancer.  Int  }.  Cancer  S9:  475-483. 

29.  Linderholm,  B.  K.,  et  al.  (2001).  The  expression  of  vascular  endothelial  growth  factor 
correlates  with  mutant  p53  and  poor  prognosis  In  human  breast  cancer.  Cancer  Res. 
61:  2256-2260. 

30.  Maeda,  K.,  et  al.  (1 996).  Prognostic  value  of  vascular  endothelial  growth  factor  expres¬ 
sion  in  gastric  carcinoma.  Cancer  77:  858-863. 

31.  Van  Engeland,  M.,  Ramaekers,  F.  C.,  Schutte,  B.,  and  Reutelingsperger,  C.  P.  (1996). 
A  novel  assay  to  measure  loss  of  plasma  membrane  asymmetry  during  apoptosis  of 
adherent  cells  In  culture.  Cytometry  24: 1 31-1 39. 

32.  Koshikawa,  N.,  Takenaga,  K.,  Tagawa,  M.,  and  Sakiyama,  S.  (2000).  Therapeutic  effi¬ 
cacy  of  the  suicide  gene  driven  by  the  promoter  of  vascular  endothelial  growth  factor 
gene  against  hypoxic  tumor  cells.  Cancer  Res.  60:  2936-2941 . 

33.  Varley,  A  W,,  and  Munford,  R.  S.  (1 998).  Physiologically  responsive  gene  therapy.  Mol. 
Med.Today4:44S-AS^. 

34.  Rak,  I.,  etal.  (1995).  Oncogenes  as  Inducers  of  tumor  angiogenesis.  Cancer  Metastasis 
Rev.  14:  263-277. 

35.  Forsythe,  ].  A.,  ef  al.  (1 996).  Activation  of  vascular  endothelial  growth  factor  gene  tran¬ 
scription  by  hypoxia-inducible  factor  1 .  Mol.  Cell  Biol.  16:  4604-461 3. 

36.  Shibata,  T.,  Giaccia,  A.  J.,  and  Brown,  J.  M.  (2000).  Development  of  a  hypoxia-respon¬ 
sive  vector  for  tumor-specific  gene  therapy.  Cene  Ther.  7: 493-498. 

37.  Dachs,  G.  U.,  etal.  (1 997).  Targeting  gene  expression  to  hypoxic  tumor  cells.  Nat  Med. 
3:515-520. 

38.  Rampino,  N.,  cf  al.  (1 997),  Somatic  frameshift  mutations  in  the  BAX  gene  in  colon  can¬ 
cers  of  the  microsatellite  mutator  phenotype.  Science  275;  967-969. 

39.  Yin,  C.,  Knudson,  C.  M.,  Kbrsmeyer,  S.  and  Van  Dyke,  T.  (1997).  Bax  suppresses 
tumorigenesis  and  stimulates  apoptosis  in  vivo.  Nature  385:  637-640. 

40.  Miyashita,  T.,  and  Reed,  j.  C.  (1995).  Tumor  suppressor  p53  is  a  direct  transcriptional 
activator  of  human  Bax  gene.  Cell  80:  293-299. 

41.  Chow,  N.  H.,  et  al.  (1997).  Expression  of  vascular  endothelial  growth  factor  in  normal 
liver  and  hepatocellular  carcinoma:  an  immunohistochemical  study.  Hum.  Pathol.  28: 
698-703. 

42. EI-Assal,  O.  N.,  etal.  (1998).  Clinical  significance  of  microvessel  density  and  vascular 
endothelial  growth  factor  expression  in  hepatocellular  carcinoma  and  surrounding  liver: 
possible  involvement  of  vascular  endothelial  growth  factor  in  the  angiogenesis  of  cir¬ 
rhotic  liver.  Hepatology  6: 1554-1562. 

43.  He,  T.  C.,  ef  al.  (1998).  A  simplified  system  for  generating  recombinant  adenoviruses. 
Proc.  Natl.  Acad.  Sci.  USA  95:  2509-2514. 

44.  Graham,  F.  L,  and  van  der  Eb,  A.  J.  (1973).  A  new  technique  for  the  assay  of  infectivity 
of  human  adenovirus  5  DNA.  Virology  52:  456-467. 

45.  SAS  (1 994).  SAS/STAT  User's  Guide,  version  6.  SAS  Institute  Inc.,  Cary,  N.C, 


198 


Molecular  Therapy  VoI.  6,  No.  2,  August  2002 
Copyright  ©  The  American  Society  of  Cene  Therapy 


S146 


L  J.  Radiation  Oncology  •  Biology  •  Physics 


Volume  57,  Number  2,  Supplement,  2003 


38  Modulation  of  DNA  Topoisomerase  I  (TOPl)-Mediated  Radiosensitization  by  DNA-Dependent  Protein  Kinase 
S.  Shih.‘  C.  Phan,^  S.  Vijayakumar,*  A.Y.  Chen*'^ 

^Radiation  Oncology,  University  of  California-Davis  Cancer  Center,  Sacramento,  CA,  ^Pharmacology  &  Toxicology 
Graduate  Group,  University  of  California,  Davis,  CA 

Purpose/Objective:  Camptothecin  (CPT)  exerts  its  biological  effects  including  radiosensitization  (RS)  by  inducing  TOPl- 
mediated  DNA  damage  (TIDD).  Extensive  genetic  and  molecular  studies  have  identified  the  DNA-dependent  protein  kinase 
(DNA-PK)  complex,  consisted  of  Ku70/Ku80  hetcrodimer  and  DNA-PKcs,  as  an  integral  component  of  mammalian  DNA 
non-homologous  end  joining  (NHEJ)  double-stranded  break  repair.  Recently,  we  demonstrated  that  Ku80  affects  TOPl- 
mediated  RS  (TIRS)  induced  by  CPT.  In  the  current  study,  we  investigate  whether  DNA-PK  is  involved  in  CPT-induced  RS. 

Materials/Methods:  Clonogenic  survival  assays  using  various  treatment  protocols  with  combination  of  drugs  and  radiation 
were  performed  in  Chinese  hamster  ovaiy  V3,  V3+human  YAC,  V3+mouse  YAC,  SCID/50D,  SCID/IOOE,  human  glioma 
M059J  and  M059K  cells.  The  protein  levels  of  TOPI  and  DNA-PK  were  determined  by  Western  Blot  analysis.  The  DNA-PK 
kinase  activity  was  determined  by  using  the  suggested  protocol  from  Promega  (Madison,  WI). 

Results:  Examined  by  clonogenic  survival  assays,  the  DNA-PKcs-deficient  V3  cells  exhibit  a  comparable  sensitivity  to  the  cytotoxic 
effect  of  CPT  in  comparison  to  its  DNA-PKcs-complemented  V3+human  YAC  and  V3+mouse  YAC  cells.  In  contrast,  the  V3  cells 
exhibit  a  significantly  higher  level  of  CPT-induced  RS  than  both  V3  +human  YAC  and  V3 +mouse  YAC  cells.  To  avoid  clonal  effect, 
TIRS  was  further  investigated  in  the  DNA-PKcs-deficient  SCID/50D  and  its  DNA-PKcs-proficient  counterpart  SCID/IOOE  cells. 
Consistently,  a  comparable  sensitivity  to  the  cytotoxic  effect  of  CPT  and  a  reversal  of  the  higher  level  of  CPT-induced  RS  was 
observed  in  the  SCID/IOOE  cells,  as  compared  with  the  SCID/50D  cells.  Furthermore,  a  higher  level  of  TIRS  was  demonstrated  in 
the  DNA-PKcs-deficient  human  glioma  M059J  cells  than  their  DNA-PKcs-proficient  counterpart  M059K  cells. 

Conclusions:  Our  results  demonstrate  that  DNA-PK  modulates  the  radiosensitiaiig,  but  not  the  cjrtotoxic  effects  of  CPT.  Our 
findings  are  consistent  with  a  notion  that  DNA-PK-dependent  NHEJ  pafiiway  is  involved  in  repairing  a  novel  type  of  TIDD 
that  accounts  for  TIRS. 


39  A  Novel  Radiation/Tissue-Spccific  Promoter  for  Gene  Therapy  of  Brain  Tumors 
W.O.  Arafat.^  D.J.  Buchsbaum,^  S.  Kaliberov,^  F.  Li,*  Z.B.  Zhu,*  D.T.  Curiel* 

^Gene  Therapy  Center.  University  of  Alabama  at  Birmingham.  Birmingham,  AL,  ^Radiation  Oncology,  University  of 
Alabama  at  Birmingham,  Birmingham,  AL 

Purpose/Objective:  Radiogenic  therapy  is  a  novel  approach  to  treat  cancer.  It  implies  using  genetic  modification  to  alter 
sensitivity  of  tumor  or  normal  tissue  to  the  effect  of  radiation.  Using  recombinant  adenovirus  (Ad)  as  a  vector,  heterologous 
gene  delivery  with  consequent  phenotypic  change  in  radiosensitivity  has  been  shown  with  different  therapeutic  payloads. 
Radiation  inducible  promoters  incorporated  into  Ad  vectors  have  been  used  to  deliver  therapeutic  genes.  However,  lack  of 
tumor  specificity  and  moderate  levels  of  gene  induction  have  been  a  concern.  On  the  other  hand,  tissue  specific  promoters  (TSP) 
have  been  widely  developed  and  show  both  high  selectivity  and  robust  gene  expression  in  transfected  tumors.  Of  note,  radiation 
also  induces  gene  expression  by  transcriptional  regulation  of  some  of  these  promoters.  Herein  we  hypothesize  that  raaiotherapy 
may  enhance  the  selectivity  and  level  of  expression  of  TSP. 

Materials/Methods:  To  this  end,  we  have  constructed  recombinant  Ad/Luc,  Ad/GFP  or  Ad/LaeZ  driven  by  different  promoters; 
Survivin,  inducible  Nitric  Oxide  Synthase  (iNOS),  Vascular  Endothelial  Growth  Factor  (VEGF),  Death  Receptor  5  (DR5),  and  Flt-1 , 
Human  glioma  cell  lines  were  infected  with  different  MOI  of  the  TSP  Ad  or  CMV  Ad,  then  cells  were  exposed  to  single  fraction  “Co 
radiation  (0.5  Gy-16  Gy).  Huorescent  microscopy,  FACS  analysis,  luciferase  assay  and  X-gal  staining  vvere  used  to  detect  level  of 
expression  of  the  various  genes.  Time  course  experiments  were  done  to  look  for  effect  of  time  of  irradiation  on  gene  expression. 
Finally  quantitative  RT-PCR  to  the  corresponding  genes  was  done  with  RNA  isolated  fiom  radiation  treated  cells. 

Results:  Adenovirus  vectors  driven  by  DR5,  VEGF,  Suryivin  or  Flt-1  were  made  and  showed  specificity  to  glioma  cell  lines. 
Radiation  increased  the  level  of  gene  expression  by  1.75-fold  in  DR5,  2-fold  in  VEGF  and  0-fold  with  Flt-1  at  2  hr  after 
radiation.  Most  importantly,  cells  treated  with  2  Gy  radiation  and  Ad  Luc  driven  by  the  Survivin  promoter  showed  a  5-fold 
increase  in  expression  compared  with  non-irradiated  cells.  RNA  analysis  showed  an  increase  in  copy  number  of  corresponding 
genes  from  2-fold  for  VEGF,  3-foId  for  iNOS  and  30-fold  for  Survivin.  Additionally,  elevation  of  Survivin  RNA  copy  number 
occurred  at  2  hr  after  radiation  and  continued  to  be  high  24  hr  after  radiation. 

Conclusions:  This  novel  radiation  inducible  TSP,  Survivin,  is  a  promising  tool  that  could  lead  to  the  enhancement  of  selectivity 
and  specificity  of  Ad  vector  transfection  in  a  radiogenic  context. 

40  Failure  Definition-Dependent  Differences  in  Outcome  Following  Radiation  for  Localized  Prostate  Cancer. 
Can  One  Size  Fit  All? 

D.A.  Kuban.*  H.D.  Thames,*  L.B.  Levy,*  E.M.  Horwitz,^  P.A.  Kupelian,^  A.A.  Martinez,^  J.M.  Michalski,^  T.M. 

Pisansky,^  H.M.  Sandler,^  W.U.  Shipley,®  M.J.  Zelefsky,®  A.L.  Zietman® 

^UT  MD  Anderson  Cancer  Center,  Houston,  TX,  ^Fox  Chase  Cancer  Center,  Philadelphia,  PA,  ^Cleveland  Clinic, 

Cleveland,  OH,  ^  William  Beaumont  Hospital.  Detroit,  MI,  ^Mallinckrodt  Institute  of  Radiology,  St  Louis,  MO,  ^Mayo 
Clinic.  Rochester,  MN,  ^University  of  Michigan,  Ann  Arbor,  MI.  ^Massachusetts  General  Hospital,  Boston,  MA,  ^Memorial 
Sloan-Kettering  Cancer  Center,  New  York,  NY 

Purpose/Objective:  To  compare  long-term  outcome  using  alternative  failure  definitions  after  definitive  radiation  for  localized 
prostate  cancer  and  determine  whether  one  PSA-based  definition  can  be  applied  across  treatment  modalities. 

Materials/Methods:  Data  from  4839  patients  with  stage  Tib,  Tic  and  T2  adenocarcinoma  of  the  prostate  and  a  pretreatment  PSA 
were  analyzed.  Patients  were  treated  to  at  least  60  Gy  without  androgen  suppression  from  1986  to  1995  at  nine  U.S.  institutions. 
Median  follow-up  was  6.3  years.  The  endpoint  for  outcome  analysis  was  PSA  failure,  but  also  included  as  failures  were  patients 
treated  with  androgen  suppression  before  meeting  the  PSA  failure  criteria  and  those  with  clinical  failure  as  the  first  event.  Outcome 
using  the  following  6  failure  definitions  was  compared:  1)  3  consecutive  PSA  rises  backdated  (ASTRO),  2)  2  PSA  rises  of  at  least 
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L.  Pereboeva  ■  S.  Komarova,®  G.  Mikheeva,**  V.  Krasn^tch,®***  D.T.  Curiel® 

®Division  of  Human  Gene  Therapy,  Departments  of  Medicine,  Pathology,  and  Surgery, 
and  the  Gene  Therapy  Center,  University  of  Alabama  at  Birmingham,  Birmingham,  Alabama,  USA; 
**VectorLogics,  Inc.,  Birmingham,  Alabama,  USA 

./ 

Key  Words.  Mesenchymal  progenitor  cells  ■  Cellular  vehicles  •  Gene  delivery  •  Adenovirus  •  Thymidine  Jdnase 


Abstract 

Mammalian  cells  represent  a  novel  vector  approach 
for  gene  delivery  that  overcomes  major  drawbacks  of 
viral  and  nonviral  vectors  and  couples  ceil  therapy  with 
gene  delivery.  A  variety  of  cell  types  have  been  tested  in 
this  regard,  confirming  that  the  idea!  cellular  vector  sys¬ 
tem  for  ex  vivo  gene  therapy  has  to  comply  with  strin¬ 
gent  criteria  and  is  yet  to  be  found.  Several  properties  of 
mesenchymal  progenitor  cells  (MFCs),  such  as  easy 
access  and  simple  isolation  and  propagation  procedures, 
make  these  cells  attractive  candidates  as  cellular  vehi¬ 
cles.  In  the  current  work,  we  evaluated  the  potential 
utility  of  MPCs  as  cellular  vectors  with  the  intent  to  use 
them  in  the  cancer  therapy  context,  ^^llen  conventional 
adenoviral  (Ad)  vectors  were  used  for  MPC  transduc¬ 
tion,  the  highest  transduction  efficiency  of  MPCs  was 
40  % .  We  demonstrated  that  Ad  primary- binding  recep¬ 
tors  were  poorly  expressed  on  MPCs,  while  the 


secondary  Ad  receptors  and  integrins  presented  in  suf¬ 
ficient  amounts.  By  employing  Ad  vectors  with  incorpo¬ 
rated  integrin-binding  motifs  (AddlucRGD),  MPC 
transduction  was  augmented  tenfold,  achieving  efficient 
genetic  loading  of  MPCs  with  reporter  and  anticancer 
genes.  MPCs  expressing  thymidine  kinase  were  able  to 
exert  a  bystander  killing  effect  on  the  cancer  cell  line 
SKOV3ipl  in  vitro.  In  addition,  we  found  that  MPCs 
were  able  to  support  Ad  replication,  and  thus  can  be 
used  as  cell  vectors  to  deliver  oncolytic  viruses.  Our 
results  show  that  MPCs  can  foster  expression  of  suicide 
genes  or  support  replication  of  adenoviruses  as  poten¬ 
tial  anticancer  therapeutic  payloads.  These  findings  are 
consistent  with  the  concept  that  MPCs  possess  key  prop¬ 
erties  that  ensure  their  employment  as  cellular  vehicles 
and  can  be  used  to  deliver  either  therapeutic  genes  or 
viruses  to  tumor  sites.  Stem  Cells  2003;21:389-404 


Introduction 

One  of  the  major  requirements  for  successful  gene  ther¬ 
apy  is  efficient  delivery  of  therapeutic  genes  to  the  target 
sites.  Among  the  vector  systems  that  have  been  used  for 
gene  delivery'  are  viruses  and  plasmids  [1].  An  optimal  gene 
delivery  vector  must  show  a  high  level  of  transduction  of 
the  desired  tissue  or  cell  population,  efficient  targeting,  and 
the  ability  to  withstand  degradation  by  the  immune  system 


for  prolonged  periods  and  after  readministration.  To  date, 
vectors  meeting  all  three  requirements  are  not  available.  On 
this  basis,  it  is  apparent  that  novel  vector  approaches  are 
required  to  advance  gene  therapy. 

Mammalian  cells  have  been  proposed  as  gene  delivery 
vehicles  with  the  potential  for  overcoming  the  physiologi¬ 
cal  barriers  to  viral  vectors,  especially  rapid  degradation  by 
the  immune  system  and  toxicity  with  escalating  doses.  The 
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transfer  of  genetically  modified  cells  into  the  body  consti¬ 
tutes  a  novel  therapeutic  paradigm  of  coupling  cell  therapy 
with  gene  delivery  [2, 3].  By  virtue  of  native  or  introduced 
tropism,  cellular  vehicles,  after  reintroduction,  may  reside 
in  selective  tissues  or  organs  and  deliver  engineered  vectors 
or  genes  before  they  are  released  from  cellular  carriers. 
Therefore,  expression  or  release  of  these  therapeutic  pay- 
loads  can,  thus,  be  achieved  at  a  locoregional  level  in  areas 
otherwise  inaccessible  to  gene  transfer,  such  as  tumor  sites. 
Several  somatic  cell  types,  such  as  fibroblasts  [4, 5],  hepa- 
tocytes  [6],  mesothelial  cells  [7], myoblasts  [8,9], neuronal 
cells  [10],  and  others  have  been  evaluated  in  a  variety  of 
applications  as  cellular  vehicles.  Mature  endothelial  cells 
have  been  used  to  deliver  therapeutic  genes  into  areas  of 
angiogenesis  [11, 12]  as  well  as  to  deliver  cytotoxic  genes 
to  tumors  [13].  However,  difficult  isolation  and  in  vitro 
expansion  present  major  limitations  for  the  use  of  mature 
terminally  differentiated  cells.  Hematopoietic  stem  cells 
have  also  been  evaluated  as  cellular  vehicles  [14,  15]. 
However,  low  levels  of  transduction  also  limit  their  applic¬ 
ability  [16].  In  the  context  of  cancer  treatment,  human 
tumor  infiltrating  lymphocytes  (TDLs)  were  the  first 
immune  cells  to  be  genetically  modified  and  applied  in  a 
human  cancer  gene  therapy  clinical  trial  [17].  It  was  sug¬ 
gested  that  TILs  could  naturally  home  to  tumor  sites;  how¬ 
ever,  in  practice,  it  has  been  shown  that  they  localize  poorly 
into  tumors  after  reinfusion  [18,  19],  Utilization  of  TILs 
requires  expensive  expansion  of  cells  in  vitro  or  in  vivo  and 
applying  retargeting  strategies.  Such  studies  demonstrate 
both  the  feasibility  of  utilizing  different  cell  types  as  vec¬ 
tors  for  gene  delivery  and  also  the  stringent  criteria  for  the 
ideal  cellular  vehicle,  providing  necessities  of  research  into 
alternative  cell  populations. 

Mesenchymal  progenitor  cells  (MFCs)  were  identified  as 
a  subpopulation  of  bone  marrow  stromal  cells,  which  form  an 
essential  structural  and  functional  component  of  the  bone 
marrow  microenvironment  and  are  critical  in  hematopoiesis 
[20].  MFCs  mainly  have  been  employed  in  cell  therapies 
based  on  the  delivery  of  the  cells  themselves,  either  modified 
or  not,  in  different  models  and  in  the  clinical  setting  to 
replenish  tissue  defects  or  trigger  regeneration  of  various 
mesenchymal  tissues  [21-23],  Recent  advances  in  studying 
MFC  biology  have  shown  that  this  cell  population  exhibits 
some  properties  that  suggest  the  feasibility  of  their  use  as  a 
cellular  vehicle:  A)  a  simple  isolation  method  [24];  B)  the 
ability  to  be  cultured  in  vitro  in  minimal  conditions  and  to 
expand  to  quantities  required  for  therapy  [25];  C)  the  ability 
for  ex  vivo  transduction  with  viral  vectors,  although  with 
varying  levels  of  efficiency  [26];  D)  plasticity,  the  potential 
to  differentiate  under  exogenous  stimuli  [27];  E)  the  ability  to 
engraft  after  reintroduction  [28];  F)  high  metabolic  activity 


and  efficient  machinery  to  express  therapeutic  proteins  in 
secretory  form  [29],  and  G)  the  ability  to  be  delivered  sys- 
temically  or  locally  [30, 31].  Fractical  attempts  to  use  MFCs 
as  cellular  vehicles,  however,  have  been  undertaken  mainly 
for  the  delivery  of  therapeutic  gene  products  (interleukin-3, 
growth  hormone,  factor  K)  into  systemic  circulation  [29, 
32].  Research  studies  exploiting  MFCs  in  the  context  of  can¬ 
cer  are  limited.  However,  recently,  one  study  reported  the 
very  important  fact  that  MFCs  could  selectively  proliferate  in 
tumors  after  systemic  delivery  and  serve  as  precursors  for 
stromal  fibroblasts  of  solid  tumors  [33]. 

Given  that  the  intrinsic  properties  of  MFCs  satisfy 
some  of  the  criteria  for  the  ideal  cell  vector,  this  cell  popu¬ 
lation  can  be  considered  as  an  attractive  candidate  for  a  cel¬ 
lular  vehicle.  Our  goal  in  this  study  was  to  investigate  the 
utility  of  MFCs  as  novel  cellular  vehicles  for  gene  delivery 
to  tumor  sites.  Our  present  data  show  that  MFCs  possess 
key  vector  properties  allowing  them  to  function  as  cellular 
vehicles  for  cancer  gene  therapy. 

Materials  and  Methods 

Reagents 

Mouse  anti-CAR  (coxsackievirus  and  adenovirus  receptor) 
monoclonal  antibody  (RmcB)  prepared  as  ascites  fluid  was 
obtained  from  Dr.  RL.  Crowell  (Hahnemann  University; 
Philadelphia,  FA).  Antibodies  to  avp3  (LM609)  and  avp5 
(P1F6)  integiins  were  purchased  from  Chemicon  International, 
Inc.  (Temecula,  CA;  ht^://www  .chemicon.com). 

Cell  Lines 

The  human  ovarian  carcinoma  cell  line  SKOV3.ipl  was 
obtained  fi-om  Dr.  Janet  Price  (University  of  Texas  MD. 
Anderson  Center;  Houston,  TX).  Cells  were  maintained  in 
Dulbecco’s  modified  Eagle’s  medium/F-12,  containing  10% 
fetal  bovine  serum  (FBS)  (HyClone  Lab;  Logan,  UT; 
http://wwwiiyclone.com)  and  2  mM  glutamine  at  37°C  in  a 
humidified  atmosphere  of  5%  CO2.  HeLa  cells  were  obtained 
from  the  American  Type  Culture  Collection  (Manassas,  VA; 

http://www.atcc.org)  and  cultured  as  recommended. 

\ 

Isolation  and  Culture  of  MFCs 

Leftover  materials  (screen  filters  with  bone  marrow  cells 
remaining)  were  obtained  from  several  individuals  undergo¬ 
ing  bone  marrow  harvest  for  allogeneic  transplantation  at  the 
University  of  Alabama  Birmingham  (UAB)  Stem  Cell 
Facility.  Mononuclear  cells  were  separated  by  centrifugation 
in  Ficoll-Hypaque  gradients  (density  =  1 .077  g/cm^;  Sigma; 
St.  Louis,  MO;  http://www.sigmaaldrich.com),  suspended  in 
a-minimum  essential  medium  (MEM)  containing  20%  FBS 
and  seeded  ^t  a  concentration  of  1  x  10^  cells/cm^.  After 
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3  days,  nonadherent  cells  were  removed  by  washing  with 
phosphate*buffered  saline  (PBS),  and  the  monolayer  of 
adherent  cells  was  cultured  until  confluence.  The  resultant 
monolayer  of  adherent  cells  was  designated  as  MPC,  passage 
1.  Cells  were  expanded  by  consecutive  subcultivations  in  a- 
MEM  with  10%  FBS  at  densities  of  5,000-6,000  cells/cm^ 
and  used  for  experiments  at  passages  2-6,  The  initial  seeding 
cell  number  (Ns),  harvested  cell  number  (Nh),  and  days  in  cul¬ 
ture  needed  to  reach  90%  confluence  (D)  were  used  to  calcu¬ 
late  doubling  time  (DT)  for  each  subculture  using  the  formula 
DT  =  2  X  D  X  Ns/Nh.  The  mean  doubling  time  was  calculated 
as  the  average  of  all  DTs  for  each  subculture. 

Assay  for  Cell  Differentiation 

Mesenchymal  progenitor  cells  were  cultured  in  medium 
containing  either  osteogenic  (0.1  jiM  dexamethasone,  10  mM 
p-glycerophosphate,  50  ptglvnl  ascorbic  acid)  or  adipogenic  (1 
jiM  dexamethasone,  100  pig/wl  3-isobutyl-l-methylxanthine, 
5  //g/ml  insulin,  60  mM  indomethacin)  supplements  (Sigma) 
for  up  to  3  weeks.  The  differentiation  potential  was  defined  by 
the  j^pearance  of  osteogenic,  adipogenic,  and  chondrogenic 
phenotypes,  which  were  revealed  after  Alizarin  Red  S,  Oil 
Red,  and  Alcian  Blue  staining,  respectively. 

Recombinant  Adenovimses 

Replication-incompetent  recombinant  adenoviral  (Ad) 
vectors  having  wild-type  and  genetically  modified  Ad5 
fibers  were  used  for  experiments  to  determine  their  trans¬ 
duction  efficiencies  on  MFCs.  Ad  vectors  having  wild-type 
Ad5  fibers  were:  Ad5  expressing  either  green  fluorescent 
protein  (eGFP)  (AdCMVGFP;  a  gift  from  Corey  Goldman', 
Cleveland  Clinic  Foundation;  Cleveland,  OH)  or 
Escherichia  coli  P-galactosidase  (AdCMVlacZ;  provided 
by  Robert  Gerard',  The  Center  for  Transgene  Technology 
and  Gene  Therapy;  Leuven,  Belgium).  Viruses  expressing 
firefly  luciferase  (AdCMVluc)  and  herpes  virus  thymidine 
kinase  (HSV-TK)  (AdCMV-TK  and  AdRGD-TK,  see 
below  for  arginine-glycine-aspartic  acid  modification)  were 
constmcted  through  homologous  recombination  in  E.  coli 
using  the  AdEasy  system  [34]  at  UAB  Gene  Therapy 
Center.  All  vectors  used  in  these  experiments  contained 
transgene  cassettes  placed  in  the  El-deleted  region  of  an  Ad 
vector  genome. 

The  luciferase  and  GFP-encoding  Ad  vectors, 
Ad5RGDluc  and  AdCMVGFP  RGD  [35],  have  a  genetically 
modified  fiber  protein  with  an  integrin-binding  motif 
(CDCRGDCFC)  inserted  in  the  HI  loop,  Ad5/3Lucl  has  a 
chimeric  fiber,  where  the  knob  of  Ad5  fiber  is  replaced  by 
the  Ad3  fiber  knob  [36].  Ad51uc3  [37]  is  a  replication-com¬ 
petent  adenovirus,  having  the  E3  region  replaced  with  the 
luciferase-expressing  cassette  (provided  by  F.  Graham', 


McMaster  University;  Hamilton,  Canada).  Ad5/31uc3  is 
identical  to  Ad51uc3  except  for  a  chimeric  fiber  where  the 
knob  of  the  Ad5  fiber  is  replaced  by  the  Ad3  fiber  knob. 

In  Vitro  Ad-Mediated  Gene  Transfer 

Recombinant  Ad  vectors  were  used  to  transduce  cells  as 
described  previously  [38] .  In  brief,  cells  were  plated  24  hours 
before  infection.  The  transduction  was  performed  with  the 
virus  diluted  in  a  small  volume  of  appropriate  cell-specific 
medium  containing  2%  FBS  for  2  hours  at  37°C.  Media  were 
then  replaced  with  complete  media  containing  10%  FBS. 

In  Vitro  Analysis  of  Gene  Expression 

Twelve  hours  after  plating  (5.0  x  10^  cells/well  in  a  24- 
well  plate),  HeLa  cells  and  MFCs  were  infected  with 
AdCMVlacZ,  AdCMVGFP  or  AdCMVluc,  Ad5RGDluc, 
and  Ad5/31ucl  at  ratios  ranging  from  50-5,000  plaque- 
forming  units  (pfu)  per  cell.  Gene  expression  was  estimated 
after  48  hours  of  incubation  in  complete  media. 

X-gal  Staining  of  MFCs 

LacZ  expression  in  Ad-transduced  cells  was  evaluated 
by  staining  with  5-bromo-4-chloro-3-indolyl-p-D-galacto- 
side  (X-gal)  at  1  mg/ml  followed  by  cell  counting.  AdlacZ- 
transduced  MFCs  were  fixed  in  fireshly  prepared  2% 
formaldehyde/0.2%  glutaraldehyde  in  PBS  for  5  minutes  at 
4®C,  washed,  and  stained  in  freshly  prepared  X-gal  in  20 
mM  potassium  feirocyanide  and  2  mM  MgCl2  in  PBS. 

Luciferase  Assay 

Luciferase  expression  was  determined  in  cell  lysates 
using  a  luciferase  assay  system  (Promega;  Madison,  WI; 
http://www.promega.cora)  according  to  protocol.  The 
luciferase  activities  were  measured  in  a  Lumat  LB  9501 
luminometer  (Lumat,  Wallac,  Inc.;  Gaithersburg,  MA; 
http://wwJifesciences.perkinelmer.com)  for  15  seconds 
immediately  after  initiation  of  the  light  reaction  and  normal¬ 
ized  by  the  protein  concentration  in  cell  lysates  (Bio-Rad  DC 
Protein  Assay  kit,  Bio-Rad;  Hercules,  CA;  http://ww.bio- 
rad.com).  All  experiments  were  performed  in  triplicate. 

Flow  Cytometry 

GFP  expression  and  expression  of  Ad  receptors  were 
assessed  by  flow  cytometiy.  Cultured  cells  were  released  with 
versene,  pelleted  by  centrifugation,  and  washed  with  PBS. 
GFP-expressing  cells  after  Ad-GFP  transduction  were  directly 
used  for  flow  cytometry.  To  test  the  expression  of  Ad  receptor 
antibodies  to  CAR  (RmcB),  integrins  avP3  (LM609)  and  OvPS 
(P1F6)  were  used.  Cells  (5  x  1(P)  were  incubated  with  the  pri- 
maiy  antibody  diluted  in  PBS  containing  0.1%  bovine  serum 
albumin  for  1  hour  at  4°C.  Concentrations  of  the  prixnaiy 
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antibodies  were  10  15  /ig/ml,  and  10  //g/ml  for  RmcB , 

P1F6,  and  LM609,  respectively.  Cells  were  washed  and 
incubated  with  fluorescein  isothiocyanate  (FITC)-conjugated 
goat  anti-mouse  IgG  for  30  minutes  at  4°C  in  the  dark.  After 
washing  in  PBS ,  the  cells  were  resuspended  in  500  pil  of  PBS 
containing  0.1%  formaldehyde.  Flow  cytometry  was  per¬ 
formed  on  a  FACScan  flow  cytometer  (Becton  Dickinson; 
Erembodegem,  Belgium;  http://www.bd.com). 

Toxin  Gene-Killing  Experiments 

In  Vitro  Analysis  of  the  Cytocidal  Effect  ofHSV-TK  Expression 
HSV-TK  expression  by  MFCs  and  SKOV3,ipl  cells  after 
exerting  ganciclovir  (GCV)  was  estimated  by  measuring  tetra- 
zolium  salt  (MTS)  3-(4^-dimethylthiazol-2-yl)-5-(3*-car- 
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
cell-killing  assay.  Briefly,  MFCs  or  SKOV3ipl  cells  were 
plated  on  96-well  plates  at  2  x  10^  cells/well.  Cells  were  trans¬ 
duced  with  AdCMV-TK  or  AdCMV  RGD-TK  at  the  multi¬ 
plicity  of  infection  (MOI)  of  5, 50, 100,  and  500  viral  particles 
(vp)/cell.  After  24  hours,  plates  were  treated  with  increasing 
concentrations  of  GCV.  Four  days  later,  the  number  of  surviv¬ 
ing  cells  was  analyzed  by  MTS  assay  according  to  the  manu¬ 
facturer’s  protocol  (Cell  Titer  96  Aqueous  Non-Radioactive 
CeU  Proliferation  Assay,  Promega;  Madison,  WI;  http://www, 
promega.com).  The  plates  were  processed  in  an  automated  E- 
max  spectrophotometer  plate  reader  (Molecular  Device  Corp.; 
Sunnyvale,  CA;  ht^://www.moleculardevices.com).  All 
experiments  were  carried  out  in  triplicate. 

In  VUro  Analysis  of  Cytotoxic  Bystander  Effect 

Cell-mixing  experiments  were  performed  on  MFCs  or 
SKOV3.ipl  cells  to  assess  the  bystander  effect  as  described 
elsewhere  [38].  Briefly,  MFCs  were  transduced  with 
AdCMV-TK  or  AdCMV  RGD-TK  and  then  mixed  with 
untransduced  cells  (MFCs  or  SKOV3ipl  cells).  The  ratios  of 
TK-expressing  cells  to  untransduced  cells  were  as  follows: 
0:100,  10:90,  50:50,  90:10,  and  100:0.  Cell  mixtures  were 
plated  in  96-well  plates  at  total  cell  densities  of  2  x  10^ 
cells/well.  Twenty-four  hours  later,  half  the  samples  were 
treated  with  GCV  (20  /iM).  Five  days  later,  the  number  of 
surviving  cells  was  analyzed  by  MTS  assay.  All  experiments 
were  carried  out  in  triplicate. 

Assays  for  Ad  Replication  in  MFCs 

Crystal  Violet  Cell  Viability  Assay 

The  cytopathic  effect  (C!PE)  of  replication-competent  Ad 
was  estimated  by  crystal  violet  staining.  Ad-permissive  HeLa 
cells  were  used  as  a  positive  control  for  Ad  replication  and 
virus-induced  cytopathic  effect.  HeLa  cells  and  MFCs  were 


plated  on  6-well  plates  at  2  x  10"  cells/well  and  infected  with 
Ad51uc3  for  2  hours  at  37°C  at  the  indicated  MOI,  followed  by 
FBS  washes.  Flates  were  incubated  at  37°C  until  a  prominent 
CFE  developed.  Cells  were  carefully  washed  with  FBS,  fixed 
with  10%  buffered  formalin,  and  stained  with  02%  crystal 
violet  in  10%  ethanol  for  1  hour.  The  plates  were  washed  with 
tap  water,  dried,  and  photographed  with  a  Kodak  DC260 
digital  camera.  All  experiments  were  done  in  triplicate. 

Cytopathic  Effect  of  Produced  Adenovirus  on  Permissive  Cell  Line 

MFCs  or  HeLa  cells  were  infected  with  a  replication- 
competent  vims  (Ad51uc3)  at  the  designated  MOL  After  1 
hour  of  infection,  all  wells  were  washed  twice  with  FBS,  and 
complete  medium  was  added,  and  cultures  were  incubated 
for  3  days.  Cells  were  pooled  at  the  end  of  the  incubation 
period  and  freeze-thawed  three  times.  The  lysates  were 
diluted  in  10-fold  steps  and  used  for  secondary  infection  of 
HeLa  cells.  The  cytopathic  effect  of  cell  lysates  was  detected 
after  4  days  with  crystal  violet  staining.  All  experiments  were 
done  in  triplicate. 

Quantitative  Polymerase  Chain  Reaction  Analysis  of  Ad  DNA 

MFCs  and  HeLa  cells  were  plated  on  6-weIl  plates  at  a 
density  of  2  x  10^  cells/well  24  hours^  before  infection.  Cells 
were  infected  with  nonreplicative  (Ad51uc)  or  replication- 
competent  (Ad51uc3  and  Ad5/31uc3)  vimses  at  an  MOI  of  1 . 
The  infected  cells  and  vims-containing  supernatants  were  har¬ 
vested  1, 3, 5, 7,  and  9  days  after  infection  and  used  for  viral 
DNA  and  viral  protein  quantitation.  Culture  media  and  cells 
fiom  three  wells  corresponding  to  each  time  point  were  col¬ 
lected,  pooled,  and  used  for  viral  and  total  cell  DNA  isolation. 
Total  DNA  from  cells  was  purified  using  the  QIAamp  DNA. 
Blood  kit  (QIAGEN;  Valencia,  CA;  http://www.qiagen.com) 
according  to  the  kit  instmcdons.  Total  cell  DNA  was  used  for 
quantitative  polymerase  chain  reaction  (FCR)  with  El 
primers,  to  determine  copy  numbers  of  vDNA,  and  actin 
primers,  to  determine  number  of  actin  cDNA  copies.  To  iso¬ 
late  only  encapsidated  viral  DNA  from  culture  media  and  to 
destroy  naked  viral  DNA  present  in  the  supernatant,  DNase  1 
treatment  was  performed.  Then,  EDTA,  SDS,  and  proteinase 
K  were  added  (final  concentrations:  20  mM,  0.5% ,0.2  mg/ml, 
respectively)  and  samples  were  incubated  at  56°C  for  1  hour 
followed  by  phenol/chloroform  extraction  and  ethanol  precip¬ 
itation.  The  purified  viral  DNA  was  dissolved  in  Tris-EDTA 
buffer,  pH  8.0. 

Real-time  FCR  (LightCycler;  Roche;  Indianapolis,  IN; 
http://www.roche.com)  analysis  was  used  for  quantitative 
evaluation  of  Ad  DNA  copy  number.  Oligonucleotides  corre¬ 
sponding  to  the  sense  strand  of  the  Ad  El  region  (5'-AAC 
CAGTTGCCGT  GAGAGTTG-S':  1433-1453),  the  antisense 
strand  of  the  El  region  (5'-CTCGTTAAGCAAGTCCTCG 
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ATACA-3':  1500-1476),  and  TaqMan  fluorigenic  probe 
(5'-CACAGCCTGGCGACGCCCA-3':  1473-1455)  were 
synthesized  and  used  as  primers  and  probe  for  real-time  PCR 
analysis.  To  correct  for  differences  in  total  DNA  concentra¬ 
tion  for  each  sample,  Ad  El  A  copy  numbers  were  normalized 
by  actin  DNA  copy  number.  Primer  sequences  to  detect 
transcripts  of  actin  DNA  were  as  follows:  sense  strand 
5'-CAGCAGATGTGGATCAGCAAG-3';  antisense  strand 
5'-CTAGAAGCATTTGCGGTGGAC-3';  and  TaqMan 
probe  5'-AGGAGTATGACGAGTCCGGCCCCTC-3'. 

Evaluation  of  Presence  of  Viral  Protein  in  Culture  Media 
The  presence  of  viral  hexon  in  culture  media  was  esti¬ 
mated  with  enzyme  immunoassay  for  the  detection  of  Ad  in 
infected  cell  cultures  (IDEA  kit;  DAKO;  Carpinteria,  CA; 
http://www.dako.dk)  in  accordance  with  kit  instructions. 
OD450  was  determined  on  an  automated  E-max  spec¬ 
trophotometer  plate  reader.  Samples  giving  OD450  in  the 
range  of  2.0  were  diluted,  and  the  correct  QD450  was 
obtained  by  multiplying  by  the  dilution  factor. 


Results 

Characterization  of  Isolated  Human  MPCs 

The  practical  realization  of  cells  as  vehicles  for  gene 
therapy  requires  a  favorable  combination  of  native  properties 
of  a  chosen  cell  type,  as  well  as  the  ability  to  be  effectively 
loaded  by  genes,  or  other  therapeutics,  and  to  deliver  such  a 
payload  to  target  sites.  The  theoretical  considerations  of  uti¬ 
lizing  MPCs  as  such  a  cellular  vector  were  predicated  pri¬ 
marily  by  their  availability,  propagating  properties,  and 
simple  culturing  conditions.  Our  goal  was  to  test  several  vec¬ 
tor  properties  of  MPCs  related  to  their  potential  application 
as  delivery  vehicles  for  gene  therapy.  First,  we  tested  the 
ability  of  human  MPCs  to  be  maintained  in  culture  and  to  be 
propagated  in  quantities  required  for  in  vivo  applications. 
Human  MPCs  were  isolated  according  to  the  protocol 
described  elsewhere  [39, 40]  and  plated  at  densities  of  6-7  x 
ICP  cells/cm^  in  media  supplemented  with  10%  FBS.  Human 
MPC  cultures,  after  two  passages  in  vitro,  represented  a 
mainly  homogeneous  population  of  cells  as  assessed  by  cell 
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Figure  LA)  Representative  phase-contrast  photomicrograph  of  a  human  MPC  culture.  Typical  cell  phenotypes  were  observed:  most  cells  were 
spindle  shaped,  whereas  large  flat  cells  and  star-shaped  cells  were  present  at  lower  numbers.  B)  Expansion  of  MPCs  in  culture.  The  primary  cul¬ 
ture  from  a  single  bone  marrow  donor  was  followed  for  up  to  12  passages;  the  doubling  time  for  each  passage  and  the  mean  doubling  time  for 
all  passages  in  observation  were  calculated  as  described  in  Materials  and  Methods.  C)  Mean  doubling  times  for  different  MPC  cultures. 
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C  Chondrogenic  conditions  D  Nondifferentiated  conditions 


Figure  2,  As^c^  for  Mfferentiation  abilities  of  MFCs.  Primary  MPC  cultures  at  passage  2-5  were  subjected  in  vitro  to  conditions  stimulating 
osteogenic,  adipogenic,  and  chondrogenic  differentiation  followed  by  the  appropriate  staining.  A)  MFCs  cultured  in  osteogenic  media  for  21 
days.  The  accumulation  of  mineral  deposits  was  detected  by  staining  with  Alizarin  Red.  B)  MPC  culture  incubated  in  adipogenic  media  for  7 
days.  Fat  droplets  in  the  cells  were  stained  with  Oil  Red.  C)  MPC  culture  incubated  under  chondrogenic  conditions  for  14  days.  Cells  formed  a 
pellet,  which  stained  blue  with  Aldan  Blue.  D)  MPC  culture  incubated  in  nondifferentiating  medium,  stained  with  Alizarin  Red.  No  mineral 
deposits  were  observed. 


morphology,  with  predominant  fibroblast-shaped  cells  and 
large  flat  and  star-shaped  cells  at  various  percentages  (Fig. 
lA).  Several  isolations  of  MFCs  were  accomplished  accord¬ 
ing  to  the  described  protocol,  and  primary  cultures  were 
monitored  for  a  number  of  passages  (Fig.  1C).  The  doubling 
time  was  calculated  for  each  passage  of  an  individual  culture 
under  the  described  culture  conditions  and  varied  from  3  to  6 
days.  Some  MPC  cultures  were  monitored  for  as  long  as  12 
passages  with  no  noticeable  significant  changes  in  propagat¬ 
ing  properties  (Fig.  IB).  To  confirm  that  the  population  of 
isolated  human  bone  marrow  cells  contained  MFCs  or  stem 
cells,  we  tested  the  abilities  of  primary  cultures  on  passage  2- 
3  to  undergo  osteogenic,  adipogenic,  and  chondrogenic  dif¬ 
ferentiation  after  applying  the  corresponding  conditioned 


media  (Fig.  2A-D).  The  differentiation  potentials  of  the  indi¬ 
vidual  cultures  varied  from  having  all  three  tested  lineages 
being  represented  to  being  predominantly  skewed  toward 
osteogenic  or  adipogenic  differentiation.  Nevertheless,  most 
of  the  tested  cultures  demonstrated  good  propagation  and 
differentiation  abilities,  confirming  the  concept  that  this 
adherent  cell  population  in  fact  contains  progenitor  cells  and 
has  sufficient  propagation  properties  to  be  exploited  for 
application  as  a  cell  vehicle. 

Accessibility  of  MFCs  to  Ad  Vector  Infection 

Our  next  step  was  to  test  the  ability  of  MFCs  to  be  effi¬ 
ciently  transduced  by  Ad  vectors  and  then  express  the 
genetic  payload.  Previous  studies  have  documented  that 


Figure  3.  Transduction  of  MFCs  with  recombinant  Ad5  vectors.  A)  MFCs  and  HeLa  cells  (4  xl(P)  were  transduced  with  an  Ad  vector  encod¬ 
ing  the  E.  coli  LacZ  gene  at  an  MOI  of 500  vplcelL  Forty-eight  hours  postinfection,  cells  were  fixed  and  stained  with  X-gal  B)  MFCs  and  Helo 
cells  were  transduced  with  an  Ad  vector  encoding  GFP  reporter  at  an  MOI  of 500  or  5,000  vp/cell.  Forty-eight  hours  postinfection,  cells  were 
treated  with  versene  and  the  percentage  of  GFP -positive  cells  was  determined  by  flow  cytometry.  Data  are  shown  as  the  percent  of  gated  (GFF- 
positive)  cells  at  the  corresponding  MOL 


MFCs  could  be  transduced  in  vitro  by  Ad  vectors,  although 
in  any  conditions  used,  the  efficiency  of  transduction  did  not 
exceed  20%  [41].  For  our  studies,  Ad  vectors  containing 
reporter  genes  (E.  coli  LacZ  or  eGFP)  were  used  for  trans¬ 
duction  of  MFCs  at  escalating  MOL  Forty-eight  hours  post 
infection,  MFCs  and  HeLa  cells  expressing  LacZ  were 
stained  with  X-gal,  and  transduction  efficiency  was  assessed 
by  microscopic  scoring.  Cells  expressing  eGFF  were 
detected  by  flow  cytometry.  Infected  with  an  Ad  vector  at 
an  MOI  of  500  vp/cell,  MFC  cultures  consistently  demon¬ 
strated  a  lower  efficiency  of  transduction  than  did  HeLa 
cells;  transduced  MFCs  represented  only  10%-20%  of  cells 
in  MFC  cultures  (Fig.  3A).  As  detected  by  flow  cytometry 
at  the  highest  MOI  tested  (5,000  vp/cell),  when  almost 
100%  of  HeLa  cells  were  transduced,  MFC  transduction 
was  only  40%  (Fig.  3B).  These  results  are  consistent  with 
previous  observations  by  others  [41,  42]  reporting  that 
MFCs  are  relatively  refractive  to  Ad  vector  transduction. 

The  observed  relative  resistance  of  MFC  cultures  to  Ad 
vector  transduction  could  be  due  to  low  expression  of  Ad 
attachment  (CAR)  and/or  internalization  receptors  (oCvP 


integrins).  By  flow  cytometry,  we  compared  the  expression 
prolBles  of  Ad  receptors  on  MFCs,  HeLa  (high  CAR,  relatively 
low  integrins)  cells,  and  RD  flow  CAR,  high  integrins)  cells. 
As  shown  in  Figure  4,  MFCs  showed  very  low,  if  any,  expres¬ 
sion  of  CAR  but  high  expression  levels  of  both  of  the  integrins 
tested.  Thus,  the  pattern  of  expression  of  Ad  receptors  on 
MFCs  resembles  that  of  RD  cells  and  corresponds  to  a  low 
CAR,  high-integrin  phenotype.  These  data  suggest  that  CAR- 
independent  transfer  is  required  to  improve  the  level  of  Ad- 
mediated  transgene  expression  by  MFC  cultures.  These 
considerations  prompted  our  evaluation  of  the  genetically 
modified  adenoviruses  for  genetic  transfer  to  MFCs. 

Increase  In  Gene  Expression  by  MFCs  Transduced  mth 
Modified  Ad  Vectors 

It  has  been  shown  that  significant  augmentation  of  trans¬ 
duction  efficiency  can  be  successfully  achieved  by  exploiting 
Ad  vectors  with  genetically  modified  tropism.  We  have 
designed  and  characterized  an  Ad  vector  with  the  RGD-4C 
peptide  incorporated  in  the  HI  loop  of  the  fiber  knob 
(AdRGD)  as  well  as  a  vector  having  the  Ad5  knob  replaced 
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Figure  4,  Cell  surface  expression  of  Ad  attachment  (CAR)  and  internalization  ( CtypS)  receptors.  After  treatment  with  the  indicated  pri¬ 
mary  antibody  and  FITC-conjugated  secondary  antibody,  cells  were  analyzed  by  flow  cytometry.  Histograms  show  fluorescence  intensity  data 
for  HeLa  (A),  RD  (B),  and  MFC  ( C)  cells.  HeLa  and  RD  cultures  were  taken  as  a  positive  control  for  CAR  and  integrin  expression,  respectively. 


with  the  knob  of  Aci3  (Ad5/3)  [35, 36].  These  structural  mod¬ 
ifications  confer  expanded  tropism  to  the  adenoviruses, 
enabling  CAR-independent  mechanisms  of  infection  via 
binding  to  either  cellular  integrins  or  still  unknowii  Ad3 
receptors.  In  addition,  these  vectors  have  shown  a  remarkable 
improvement  in  gene  transfer  efficiency  in  cell  lines 
normally  refractory  to  CAR-dependent  infection  [43, 44]. 

We  used  genetically  modified  Ad  vectors  encoding  the 
luciferase  gene,  Ad5RGDluc,  and  Ad5/31ucl,  in  which  the 
expression  of  luciferase  is  driven  by  the  CMV  promoter,  to 
evaluate  the  transduction  of  several  primaiy  MPC  cultures. 
Improvement  in  transduction  efficiency  was  evaluated  by 
direct  comparison  with  an  unmodified  control  Ad5  vector, 
AdCMVluc.  The  application  of  AdRGDluc  to  MFCs  repeat¬ 
edly  resulted  in  a  tenfold  augmentation  of  gene  transfer  com¬ 
pared  with  AdCMVluc  (Fig.  5A).  Ad5/31ucl  also  showed  an 
improvement  in  gene  transfer,  although  with  varied  results  on 
different  primary  MPC  cultures  (data  not  shown).  Considering 


that  an  elevated  level  of  luciferase  expression  in  MPC  cultures 
could  result  in  either  a  greater  number  of  transduced  cells  or 
enhanced  protein  expression  by  selective  MPC  subpopula¬ 
tions,  we  also  tested  MPC  transduction  efficiency  with  Ad 
vectors  encoding  GFP  as  the  reporter  gene.  Transduction  with 
CMVAd  GFP  RGD  resulted  in  greater  numbers  of  GFP- 
expressing  cells  detected  by  flow  cytometry  (Fig.  5B)  and 
miCToscopy  (Fig.  5C).  These  data  indicate  overall  enhance¬ 
ment  of  MPC  gene  transduction  by  RGD-modified  Ad  vec¬ 
tors.  Thus,  these  results  indicate  that  an  Ad  vector  retargeted  to 
cellular  integrins  provides  a  means  to  overcome  the  CAR  defi¬ 
ciency  in  MFCs  and  allows  for  an  enhanced  gene  transfer  to 
these  cells. 

MPC  Expression  of  Prodrug-Converting  HSV-TK  Results 
in  the  Cytotoxic  Effect  of  GCV 

Next,  we  proceeded  to  confirm  the  ability  of  MFCs  to 
express  a  therapeutic  anticancer  gene.  For  this  study,  we 
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Figure  5.  Enhanced  transduction  efficiency  of MFCs  with  Ad  vectors  having  genetically  modiffid fibers.  Comparison  of  the  gene  tranrfer  effi- 
ciencies  was  performed  emphying  nonreplicative  Ad5  vectors:  AdSluc,  AdSRGDIuc.  and  AdSBlucl  encoding  the  luciferase  gene  (A)  or 
AdCMVGFP  and  AdCMVGFP  RGD  (B,  C).  Human  MPCs  and  HeLa  cells  were  irfected  at  the  designated  MOI  (pfulceU)  and  analyzed  for 
lu^i^ase  etpression  cfler  48  hours  (A).  Data  are  shown  as  relative  light  units  (RLU)lpg  of  total  cellular  protein.  All  experiments  were  done  in 
triplicate.  Error  bars  show  standard  deviations.  MPCs  transduced  with  GFP-encoding  vectors  were  analyzed  for  GFP  expression  by  flow  cytom¬ 
etry  (B)  and  by  microscope  (C).  Microphotographs  represent  MPC  cultures  transduced  with  AdCMVGFP  RGD  at  the  MOI  designated  on  each 
picture  (10, 100,  or  1,000 pfufcell).  A  bright-field  microphotograph  of  a  corresponding  MPC  culture  is  labeled  BF. 


Utilized  the  HSV-TK  gene,  whose  product  causes  cell 
killing  by  activating  GCV.  HSV-TK  was  chosen  with  the 
intent  to  subsequently  employ  MPCs  as  vehicles  delivering 
cytotoxicity  to  tumor  sites  in  an  animal  model  relevant  to 
ovarian  cancer.  In  this  study,  MPCs  and  SKOV3.ipl  cells, 
a  human  ovarian  cancer  cell  line  taken  as  a  parallel  control, 
were  transduced  with  AdCMV-TK  and  AdRGD-TK  at  dif¬ 
ferent  MOIs  (5, 50, 100,  or  500  pfii/ceU).  Forty-eight  hours 
postinfection,  GCV  was  added  to  the  media  at  different  con¬ 
centrations  (0, 10, 100,  or  1,000  ;iM),  and  5  days  later,  the 
number  of  remaining  viable  cells  was  determined  by  an  MTS 
assay.  A  similar  killing  effect  on  MPCs  and  SKOV3.ipl  cells 
was  observed  after  AdCMV-TK  transduction  (Fig.  6A  and 
C).  For  example,  infection  at  an  MOI  of  50  pfii/cell  resulted 
in  50%  of  cells  of  both  types  being  killed  in  wells  with  10 ;<M 
GCV  added  to  the  culture  medium.  In  contrast,  a  dramatic 
enhancement  of  the  toxic  effect  exerted  by  the  prodrug  was 


observed  when  AdRGD-TK  was  used  for  MPC  transduction 
(Fig.  6B  and  D).  Compared  with  AdCMV-TK,  AdRGD-TK 
caused  a  killing  effect  at  a  lower  MOI  and  a  lower  GCV  con¬ 
centration  (Fig.  6B).  This  finding  validated  the  aforemen¬ 
tioned  advantage  of  RGD-containing  Ad  vectors  in 
introducing  genes  into  MPCs.  Results  of  this  experiment  also 
suggest  that  transient  expression  of  the  HSV-TK  delivered  by 
Ad  vectors  will  allow  achievement  of  sufficient  levels  of  sui¬ 
cide  gene  expression  suitable  for  a  cellular  vehicle  strategy. 

Bystander  Effect  of  AdCMV-TK-Transduced  MPCs  on 
SK0V3ipl  Cells 

A  key  advantage  embodied  in  the  molecular 
chemotherapy  strategy  to  kill  cancer  cells  is  based  on  the 
bystander  effect,  whereby  the  killing  of  untransduced 
neighboring  cells  can  be  induced  by  a  toxic  drug  metabolite 
present  in  a  transduced  cell.  We,  therefore,  investigated 
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whether  HSV-TK-expressing  MFCs  could  accomplish  such  a 
bystander  effect  on  the  SKOV3.ipl  tumor  ceUs  in  vitro. 
AdCMV-TK-  or  AdRGD-TK-transduced  MFCs  were  mixed 
in  various  ratios  with  untransduced  MFCs  or  SKOV3.ipl 


cells.  An  MOI  of  50  pfu/cell,  for  the  transduction  of  cell  pop¬ 
ulations,  and  a  GCV  concentration  of  10  piM  were  chosen  as 
the  lowest  viral  and  prodrug  doses  showing  a  killing  effect  in 
the  previous  experiment  (Fig.  6).  Our  mixing  experiment 


Figure  6.  ViabUity  of  MFCs  transduced  vnOi  AdCMV-TK  or  AdRGD-TK  after  GCV  treatment.  MFCs  or  SKOV3.ipl  cells  were  plated  on  96- 
weU  plates  a  a  density  of 3,000  cell/well  and  transduced  with  AdCMV-TK  or  AdRGD-TK  at  an  MOI  of 5, 50, 100,  or  500 pfidcellfor  2  hours, 
^er  infection,  GCV  was  added  at  a  final  concentration  ofO,  10, 100,  or  1,000 piM.  Cell  viability  was  determined  by  MTS  assay  after  5  days  of 
iivtubation.  Data  are  expressed  as  percent  of  viable  cells  at  corresponding  GCV  concentrations.  All  experiments  were  done  in  triplicate.  Error 
bars  represent  standard  deviations. 


Figure  7,  Bystander  effect  exhibited  in  vitro  by  AdCMV-TK-  and  AdRGD-TK-transduced  MFCs  when  mixed  at  various  ratios  with  unin¬ 
fected  MFCs  (A)  andSKOVSdpl  cells  (B).  MFCs  were  first  transduced  with  AdCMV-TK  or  AdRGD-TK.  Twenty-four  hours  after  transduction, 
MFC-TKwere  mixed  in  different  ratios  with  untransduced  cells  (MFCs  or  SKOVSipI  cells)  and  plated  on  96-well  plates.  Twenty-four  hours 
after  plating  cell  mixtures,  half  the  cells  were  treated  with  10  pM  GCV.  Five  days  later,  cell  killing  was  measured  by  MTS  assay.  Data  are 
presented  as  a  percent  of  viable  cells  in  GCV- treated  wells.  All  experiments  were  done  in  triplicate.  Error  bars  represent  standard  deviations. 
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demonstrated  that  AdRGD-TK-transduced  MFCs  had  a 
greater  killing  effect  on  nontransduced  MFC  populations 
(Fig.  7A)  and  on  SKOV3ipl  cell  populations  than  AdCMV- 
TK-transduced  MFCs  (Fig.  7B).  Moreover,  an  appreciable 
bystander  effect  was  documented  for  AdRGD-TK-trans¬ 
duced  MFCs,  as  the  addition  of  only  10%  of  TK-expressing 
MFCs  resulted  in  a  total  cell  viability  of  50%.  AdCMV-TK- 
transduced  MFCs  did  not  show  a  noticeable  bystander  effect 
in  these  conditions,  likely  due  to  inefScient  trankuction  of 
MFCs  by  the  unmodified  Ad  vector,  resulting  in  an  insuffi¬ 
cient  number  of  TK-producer  ceUs  in  flie  mixture.  These  mix¬ 
ing  experiments  establish  fliat  MFCs  possess  a  capacity  to 
accomplish  a  bystander  effect  using  the  HSV-TK/GCV 
enzyme/prodmg  approach. 


viral  hexon  protein  in  culture  media  as  an  indication  of 
viral  replication  (Fig.  9A).  HeLa  cells  were  included  in  the 
experiment  as  a  cell  line  supporting  a  high  level  of  Ad 
replication. 

In  all  MFC  cultures  tested  (two  of  four  shown),  we 
observed  an  increase  of  viral  DNA  copy  number  over  time  in 
ceU  lysates  as  well  as  in  medium  samples.  Quantitatively, 
copy  numbers  of  viral  DNA  produced  by  MFCs  were  10- 
100  times  lower  than  with  HeLa  ceUs.  Ad5/3  did  not  have  an 
infectivity  advantage  over  Ad5  in  HeLa  cells  as  judged  by 
(juantitation  of  viral  DNA  and  viral  protein  production, 
while  two  of  the  four  MFC  cultures  showed  greater  amounts 
of  viral  DNA  and  viral  protein  after  infection  with  Ad5/3. 
This  effect  of  replication-competent  Ad5/3  on  MFC  cultures 


MFCs  as  Cellular  Vehicles  Delivering  Replication-Competent 
Ad  Vectors 

We  also  considered  the  possibility  of  using  MFCs  to 
deliver  an  oncolytic  vims  as  a  thei^ientic  payload.  For  this 
approach  to  be  successful,  MFCs  must  be  able  to  support  Ad 
replication  and  produce  viral  particles  after  viral  infection. 
We  first  determined  if  rqrlication-competent  Ad  vectors 
could  cause  a  cytopathic  effect  in  MFC  cultures,  an  in'iif’ation 
of  the  ability  of  MFCs  to  support  a  productive  Ad  infection. 
For  this  study,  MFCs  and  HeLa  cells,  used  as  a  highly  per¬ 
missive  cell  line,  were  infected  with  replication<ompetent 
Ad51uc3  at  an  escalating  MOI;  the  cytopathic  effect  was  eval¬ 
uated  by  crystal  violet  staining.  Three  days  postinfection 
HeLa  cells  were  completely  killed  in  wells  infected  at  MOIs 
of  100  and  10  vp/cell,  and  early  cytopathic  effects  were 
observed  at  an  MOI  of  1  vp/cell.  At  this  time,  MFCs  remained 
viable  at  all  viral  doses.  However,  7  days  postinfection,  MFCs 
showed  a  cytopathic  effect  at  the  highest  MOI  tested  (Fig.  8), 
which  indicates  that  the  cycle  of  Ad  replication  in  MFCs  is 
not  inhibited  completely,  but  may 


corroborates  our  earlier  observation  with  Ad5/3  nonreplica- 
tive  viruses  resulting  in  differential  efficiencies  of  gene 
transfer  on  different  primary  MFC  cultures.  Testing  the  cul¬ 
ture  media  of  infected  cultures  for  the  presence  of  viral  hex- 
ons  confirmed  the  data  obtained  with  viral  DNA.  The 
amount  of  viral  protein  increased  with  progression  of  infec¬ 
tion  for  all  cell  culUues.  In  HeLa  cells,  the  hexon  concentra¬ 
tion  in  media  increased  14-fold  and  peaked  5  days  after 
infection.  Hexon  measurement  in  infected  MFC  cultures 
foimd  an  increase  of  ordy  two-  to  threefold  after  7  days 
postinfection.  Elevation  of  viral  DNA  and  viral  protein  dur¬ 
ing  infection,  as  well  as  virus-induced  cytolysis,  clearly 
indicated  viral  replication  in  MFCs. 

To  prove  that  MFCs  are  able  to  complete  the  whole 
cycle  of  viral  replication  and  produce  the  next  generation  of 
viral  particles,  we  took  cell  lysates  of  MFC  cultures  infected 
with  escalated  doses  of  Ad51uc3  and  applied  tenfold  dilu¬ 
tions  of  those  lysates  to  the  Ad-permissive  cell  line,  HeLa. 
As  shown  in  Figure  10,  the  positive  control  representing 
lysates  of  infected  HeLa  cells  resulted  in  a  second  round  of 
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have  different  kinetics. 

To  investigate  the  kinetics  of 
Ad  replication  in  MFCs,  we 
infected  the  cells  with  Ad51uc3 
and  Ad5/31uc3  at  an  MOI  of  1 
pfu/cell  and  monitored  the  infec¬ 
tion  for  11  days.  Real-time  FCR 
was  used  to  measure  the  amount 
of  viral  DNA  in  cells  and  culture 
media  over  time  (Fig.  9B  and  9C). 
We  also  used  the  detection  of  the 


Figure  8.  CytopaMc  effect  ofrepUca-  _ 

Aon-competent  adenovirus  (ASluc3)  ' - - — _ _ _ _ _ | 

on  MPp  and  HeLa  cells.  HeLa  cells  and  MFCs  were  plated  on  6-well  plates  with  a  plating  density  ofSxKF  cells/well  and  infected  in  duplicate  with 
AojlucJ  at  the  designated  MOI.  The  viral  cytopathic  effect  was  estimated  by  crystal  violet  staining  on  day  3  and  day  7  after  infection. 
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Figure  9.  Kinetics  of  Ad  production  by  MFCs.  HeLa  cells  and  two  primary  cultures  of  MFC  {MPC2  and  MPC19)  were  infected  with  replica- 
tion-competentAd5luc3  andAdSfSlucS  viruses  at  an  MOI  ofl  pfu/cell  Virus-containing  media  were  collected  at  1,3, 5, 7,  and  9  days  after  infec¬ 
tion.  Viral  production  was  estimated  as  A)  accumulation  (f  viral  protein  in  culture  media  by  immunoenzyme  assay  with  detection  of  Ad  hexons. 
Data  are  presented  as  OD450  of  100  pi  of  culture  media.  B)  Accumulation  of  viral  DNA  in  Ad-infected  cells.  C)  Accumulation  of  viral  DMA  iri 
culture  media  measured  by  quantitative  PCR.  Data  are  presented  as  Ad  vDNA  copy  number  relative  to  actin  DNA  copy  number. 


infection  of  HeLa  cells.  Lysates  of  infected  MFCs  also 
caused  a  cytopathic  effect  on  HeLa  cells,  confirming  the 
presence  of  viable  Ad  virions  in  the  samples.  Thus,  these 
data  prove  that  MFCs  are  able  to  support  Ad  replication  and 
can,  therefore,  potentially  serve  as  vehicles  to  deliver  not 
only  gene  products  but  also  viruses  in  vivo. 

Discussion 

There  is  a  continuous  intensive  search  for  the  optimal 
delivery  vector  for  different  gene  therapy  protocols.  Studies 
employing  mammalian  differentiated  cells,  such  as  fibro¬ 
blasts,  endothelial  cells,  mesothelial  cells,  and  others,  revealed 
the  feasibility  of  an  ex  vivo  strategy  in  general  The  progeni¬ 
tors  (stem  cells)  have  also  been  tested  in  this  regard  [45, 46], 
although  only  a  few  attempts  have  been  undertaken  to  address 
their  full  potentials  as  cellular  vehicles.  This  study  was 


undertaken  to  establish  key  concepts  of  an  MFC-based  cellu¬ 
lar  vehicle  strategy,  with  the  intent  to  develop  an  autologous 
cellular  vehicle  to  deliver  therapeutic  agents  to  tumor  sites. 

We  demonstrated  that  isolation  of  adherent  cells  from 
bone  marrow  resulted  in  a  cell  population  with  the  morpho¬ 
logic  and  functional  characteristics  of  multipotential  MFCs. 
Overall,  isolated  MFC  cultures  had  sufficient  proliferative 
and  differentiation  potentials  and  retained  a  multipotential 
phenotype  in  culture  during  several  passages.  Recently,  the 
high  proliferative  potential  of  MFCs  has  been  challenged 
even  further  after  plating  the  cells  at  a  low  density  [25],  In 
optimized  culturing  conditions,  extensive  and  rapid  cell 
expansion  has  been  achieved,  which  will  be  of  great  impor¬ 
tance  for  future  cell  and  gene  therapy  applications. 

In  addition  to  intrinsic  properties,  several  characteristics 
of  delivery  vehicles  must  be  investigated  to  consider  the 
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Figure  10.  Production  of  Ad  particles 
byMPCs.HeLa  cells  (A)  and  MFCs  (B) 
were  plated  on  6-well  plates  with  a  plat¬ 
ing  density  of  5  x  Iff  cells/well  and 
infected  with  Ad5luc3  at  an  MOI  off 
10,  or  100  pjiilcell  After  3  days,  cells  in 
individual  wells  were  lysed,  and  serial 
dilutions  of  lysates  were  applied  onto 
HeLa  cells.  The  cytopathic  ^ect  of  pro¬ 
duced  virus  on  HeLa  cells  is  shown  by 
crystal  violet  staining  on  day  3. 

MPC  as  a  candidate  for  a  cell- 
based  strategy.  First,  it  is  prerequi¬ 
site  that  these  cells  can  be 
efiBciently  loaded  with  a  gene  of 
choice.  In  an  attempt  to  achieve 
this,  both  retroviral  and  Ad  vectors 
have  been  evaluated  for  gene  trans¬ 
fer  to  human  and  nohhuman 
MFCs;  however,  the  transduction 
had  a  relatively  low  efficiency  in 
both  cases  [42, 45].  Our  strategy  is 
based  on  the  short-term  expression 
of  a  therapeutic  gene;  therefore,  we 
considered  Ad  vectors  as  the  vector 
of  choice  for  ex  vivo  MPC  loading. 

In  our  experiments,  the  efficiency 
of  ex  vivo  transduction  of  MFCs 
with  Ad  vectors  encoding  two 
reporter  genes,  LacZ  and  GFP,  did  not  exceed  40%  at  the  Transduction  with  Ad5/31ucl  on  several  primary  MPC 

highest  MOI  tested.  It  is  widely  understood  that  the  main  cultures  resulted  in  variable  levels  of  luciferase  expression.  It 

reason  for  Ad  refractivity,  especially  in  vitro,  is  the  low  is  possible  that  the  Ad3  receptor  is  expressed  only  within  cer- 

level  of  expression  of  primary  Ad  receptors .  The  absence  of  tain  subpopulations  of  MFCs,  representing  variable  fractions 

CAR  and  the  presence  of  Ov-integrins  on  the  surfaces  of  in  different  primary  cultures.  Of  note,  MFCs  infected  with 

MFCs  were  confirmed  by  flow  cytometry,  providing  a  luciferase-encoding  Ad  vectors  produced  higher  levels  of 

plausible  explanation  for  Ad  resistance.  As  a  means  to  cir-  luciferase  than  HeLa  cells  in  the  same  experimental  setting, 

cumvent  CAR  deficiency,  we  used  Ad  vectors  retargeted  to  One  possible  explanation  for  this  observation  is  that  each 

alternative  receptors.  Ad51ucRGD,  having  an  integrin-bind-  individual  transduced  MPC  might  produce  more  luciferase 

ing  motif  in  the  fiber  protein,  introduces  an  alternative  Ad  than  each  transduced  HeLa  cell.  The  ability  of  MFCs  to  pro- 

entry  pathway,  allowing  viral  binding  directly  to  cell-sur-  duce  large  amounts  of  protein  may  represent  a  quality  that 

face  integrins.  Ad5/31ucl  also  represents  an  Ad  vector  redi-  could  also  be  useful  in  the  context  of  a  cell-based  strategy, 

rected  to  an,  as  yet,  unidentified  Ad3  receptor.  We  Selective  and  effective  killing  of  tumor  cells  remains  a 

previously  demonstrated  that  such  retargeted  vectors  often  major  strategy  for  any  of  the  cancer  gene  therapy  applications, 

augment  gene  transfer  to  a  variety  of  primary  cell  types  and  Suicide  therapy  employs  transfer  of  genes  responsible  for 

cancer  cell  lines  that  are  otherwise  relatively  refractory  to  converting  nontoxic  products  to  toxic  drugs  or  genes  sensitiz- 

Ad5  infection  [35,  43,  44],  In  agreement  with  previous  ing  tumor  cells  to  irradiation.  To  be  applicable  in  the  cancer 

observations,  all  primary  MPC  cultures  showed  substantial  context,  our  proposed  cellular  system  was  tested  for  the  abil- 

enhancement  of  gene  transfer  with  Ad51ucRGD.  Thus,  we  ity  of  MFCs  to  express  an  anticancer  gene  and  to  exert  cyto- 

demonstrated  that  MPC  genetic  loading  can  be  increased  toxicity  on  neighboring  tumor  cells,  thereby  providing  a  local 

tenfold  by  ex  vivo  transduction  with  integrin-retargeted  bystander  killing  effect.  We  found  that  MFCs  could  effec- 

Ad  vectors.  tively  express  a  suicide  gene  and  that  modified  MFCs 
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themselves  were  sensitive  to  the  toxic  effect  of  GCV.  We  also 
explored  the  ability  of  MPC-TK  to  induce  a  bystander  cyto¬ 
toxic  effect  on  the  ovarian  tumor  cell  line  SKOV3.ipl  in  vitro 
as  a  molecular  chemotherapy  approach  on  a  model  system  of 
ovarian  carcinoma.  This  approach  was  tested  previously  using 
human  endothelial  cells  and  was  shown  to  accomplish  an  anti¬ 
tumor  effect  comparable  with  viral  vector-mediated  toxin 
delivery  [13], 

Here,  we  report  that  the  efficiency  of  MPC  gene  loading 
can  be  substantially  increased  and  the  expression  of  payload 
genes  reaches  relevant  levels,  thereby  meeting  conditions 
for  applications  requiring  a  relatively  short-term  interven¬ 
tion.  An  enhanced  bystander  effect  might  potentially  over¬ 
come  the  requirement  to  achieve  quantitative  transduction  of 
the  majority  of  tumor  cells  within  tumor  foci,  a  major  chal¬ 
lenge  for  gene  therapy  for  cancer.  Thus,  we  demonstrated 
that  two  important  requirements  for  the  use  of  MFCs  as  cel¬ 
lular  vectors  can  be  met:  efficient  gene  transfer  to  the  cells 
and  high  levels  of  desired  protein  production,  which  serve  to 
achieve  the  biological  effect. 

We  also  hypothesized  that  cellular  vehicles  can  poten¬ 
tially  be  exploited  to  deliver  oncolytic  viruses,  which  can 
be  considered  as  promising  suicidal  tumor  agents.  For  treat¬ 
ing  neoplastic  diseases,  conditionally  replicative  aden¬ 
oviruses  (CRADs)  represent  a  novel  and  promising 
approach,  employing  the  intrinsic  cytopathic  effect  of  the 
virus  with  additional  specificity  against  tumor  cells  [47], 
However,  delivery  of  such  a  virus  to  tumor  sites  faces  the 
same  problems  as  nonreplicative  Ad  vectors.  In  this  study, 
we  explored  the  possibility  of  using  MFCs  as  a  means  of 
delivering  CRADs.  To  this  end,  the  ability  of  MFCs  to 
maintain  Ad  infection,  which  includes  viral  DNA  replica¬ 
tion  and  formation  of  new  infectious  viral  particles,  has  to 
be  examined.  Nothing  is  known  about  the  ability  of  MFCs 
to  support  Ad  infection.  Susceptibility  of  several  committed 
hematopoietic  cell  lines  to  different  Ad  serotypes  has  been 
studied,  and  very  low  or  no  Ad5  production  has  been  docu¬ 
mented  for  the  cell  lines  tested  [48].  Nevertheless,  low  lev¬ 
els  of  vims  production  have  been  demonstrated  for  Adll 
and  Ad35,  which  also  showed  enhanced  binding  to  those 
cells.  We  proved,  by  several  methods,  that  MFCs  were  able 
to  support  Ad5  replication,  although  the  kinetics  of  viral 
production  were  different  from  those  in  a  cell  line  highly 
permissive  to  Ad  replication.  We  showed  that  Ad5  infec¬ 
tion  of  MFCs  developed  at  a  slower  rate  and  resulted  in  the 
production  of  a  significantly  lower  number  of  viral  particles 
than  did  HeLa  cells.  Nevertheless,  there  is  no  immediate 
obstacle  to  utilizing  these  cells  as  carriers  for  oncolytic 
viruses,  and  this  strategy  may  have  therapeutic  applica¬ 
tions.  Further  improvement  of  CRADs,  in  terms  of 


oncolytic  potency  and  tumor  selectivity,  will  offer  new 
promising  anticancer  agents,  and  the  development  of 
appropriate  cell  carriers  for  such  viruses  would  represent  an 
attractive  line  of  investigation. 

Tumor-specific  trafficking  of  infused  cells  remains  the 
major  question  of  investigation  for  cell-based  strategies. 
Apparently,  it  can  be  mediated  either  by  biological  properties 
of  the  tumor  itself  or  by  native  tumor-related  tropism  of  the 
chosen  cell  population.  Although  the  use  of  circulating  cellu¬ 
lar  vehicles  was  first  proposed  a  decade  ago,  only  a  few  ceU 
types  have  been  exploited  in  the  context  of  tumors.  Human 
TILs  were  considered  as  an  enriched  source  of  tumor-specific 
cytotoxic  T  lymphocytes,  and  based  on  their  putative  prefer¬ 
ential  localization  to  tumor  sites,  were  used  as  vehicles  for 
retroviral-mediated  gene  transfer  [49].  In  a  recently  proposed 
complex  targeting  strategy,  T  lymphocytes  were  recruited  to 
both  produce  and  deliver  a  retrovirus  to  the  tumors  in  an  ani¬ 
mal  model  [50].  This  approach  showed  that  inefficient  T-cell 
targeting  could  be  overcome  by  introducing  a  complex  regu¬ 
latory  mechanism.  It  also  demonstrated,  for  the  first  time,  that 
cells  can  be  turned  into  a  source  of  viral  production  and  that 
those  progeny  viruses  can  serve  as  the  delivery  cargo.  Several 
lines  of  investigation  utilized  the  process  of  angiogenesis, 
which  is  highly  activated  in  tumors,  as  an  attractant  of  cellu¬ 
lar  vehicles  naturally  endowed  with  angiogenic  tropisms  [11]. 

Tumor-specific  targeting  of  MFC  as  one  of  the  essential 
vector  characteristics  for  our  cell-based  strategy  has  not  been 
included  in  this  study  but  will  represent  a  subject  of  our  future 
investigations.  Although  native  homing  of  MFCs  after  sys¬ 
temic  or  local  infusion  has  been  tested  on  different  animfll 
models  in  a  variety  of  experimental  settings  [28, 31],  there  is 
still  insufficient  information  about  in  vivo  distribution  ^d 
survival  of  infused  MFCs.  The  possibility  of  MFCs  homing  to 
tumor  sites  could  be  theoretically  envisioned.  However,  there 
are  only  a  few  very  restricted  studies  investigating  the  relation 
of  MFCs  to  tumor  formation  or  growth.  It  has  been  confirmed 
that  infused  MFCs  may  reach  tumor  sites,  selectively  prolif¬ 
erate  there,  and  participate  in  the  formation  of  tumor  stroma 
[33].  It  has  also  been  demonstrated  that  MFCs  tend  to  home 
to  sites  of  injury  or  damaged  tissue  irrespective  of  the  dam¬ 
aged  tissue  type.  This  ability  of  MFCs  has  been  demonstrated 
in  experiments  with  brain  injuries  [51],  wound  healing,  and 
tissue  regeneration  sites  [52].  Apparently,  signals  from  the 
site  of  damage  are  required  for  MFCs  to  travel  and  fill  this 
niche  by  engrafting  and  proliferating.  Fibroblasts  have 
demonstrated  a  similar  effect  of  accumulating  at  the  site  of 
hijury  [4].  Theoretically,  a  tumor  can  be  considered  as  a  site 
of  damage  or  at  least  a  site  of  production  of  cytokines  and 
chemokines  of  a  different  nature.  It  remains  to  be  tested,  at 
least  in  a  model  system,  which  conditions  are  required  for 
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MFCs  to  see  a  tumor  as  an  attractant.  Another  attractive 
approach  that  may  seem  relevant  is  to  introduce  an  engineered 
affinity  or  tropism  to  MFCs ,  making  them  artificially  attracted 
to  a  tumor. 

Summary 

The  current  study  demonstrated  the  ability  of  MFCs  to 
foster  expression  of  a  suicide  gene  and  to  support  replica¬ 
tion  of  an  adenovirus  as  potential  anticancer  therapeutic 
payloads.  The  potential  of  MFCs  as  cell-based  vectors  for 
delivery  of  therapeutic  genes  and  viruses  certainly  warrants 
further  investigation.  Our  observations  to  date  establish 
some  of  the  key  properties  of  this  cell  population  that  allow 


them  to  function  as  cellular  vectors  and  thus  represent  a 
rational  strategy  for  cancer  gene  therapy. 
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